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SECTION 1.0 

INTRODUCTION 

This document addresses methods for predicting concentrations of 
individual constituents resulting from pollutant loads to the aquatic 
environment. Within the context of the waste load allocation (WLA) 
process, the methods predict the ambient concentrations expected to 

result from existing or projected pollutant loadings. By relating the 

predicted concentrations to ecosystem or human health effects levels, an 
appropriate level of pollution abatement can be specified, tailored to 
protection of the environment of a specific site. 

As the focus of the material is the prediction of ambient 

concentrations, it will not address all facets of the allowable load 
determination. In order to use predictions effectively. It is also 
necessary to establish (a) a target for allowable concentrations, and (b) 
a target frequency for not exceeding the allowable concentrations. Data 
on the former are contained In the Water Quality Criteria documented; data 

on the latter are sparse. Neither subject is within the scope of this 
volume. 

The organization Intended for the first four volumes of the complete 
manual is shown in Table 1.1. In order to reduce redundancy, material 
discussed in Book II, chapter 1 (800, dissolved oxygen and ammonia) is 
not repeated here. In particular, it is assumed that the reader is 
familiar with the concepts of advection and dispersion, variations of 
depth and velocity with flow, first order reaction rates, surface 
transfer of oxygen, and steady-state versus time-variable analyses. This 

document is intended for use In conjunction with chemical data references, 
such as Mabey et al. (1982) and Callahan et al. (1979). 



Table 1.1 ORGANIZATION Of GUIDANCE MANUAL FOR PERFORMING OF 
WASTE LOAD ALLOCATIONS 

BOOK I GENERAL GUIDANCE 
(Discussion of overall WLA process, procedures, considerations) 

BOOK II STREAMS AND RIVERS 

Chapter 1 - 800/Dissolved Oxygen Impacts and Amonia Toxicity 
Chapter 2 - Nutrient/Eutrophication Impacts 
Chapter 3 - Toxic Substances Impacts 

BOOK III ESTUARIES 

Chapter 1 - B00/Dissolved Oxygen Impacts 
Chapter 2 - Nutrient/Eutrophication Impacts 
Chapter 3 - Toxic Substances Impacts 

BOOK IV LAKES, RESERVOIRS, IMPOUNDMENTS 

Chapter 1 - 800/Dissolved Oxygen Impact 
Chapter 2 - Nutrient/Eutrophication Impacts 
Chapter 3 - Toxic Substances Impacts 



8ecaust prtdictlons art needed In a varltty of dlfftrtnt sltuatlons, 

there Is no one set of ttchnlcally acceptable procedures that can be put 

forth as a standard method. The aDproprlatt level of effort, and thus 

the approprlatt approach, depends on the dlfflculty u!th uhlch pollutant 

controls can be Imoltmtnttd, the compltxlty of the tnvlronmental 

problems, the resources avaIlable, and the ttchn!cal txDtctatlonr of all 

partlts Involved. Consequently. the Intent of this document Is to 

dtsctlbe d variety of dlfftrent approaches, covtrlng d wldt range of 

compltxlty, to help guldt the analyst jn choosing a calculat?onal 

framarork, or model. aooroprlatt to the sotclflc Drobltm. Rather tndn 

rtconmwndlng pdrttcular levels of effort as awropr!att for analyrlng 

particular YLA sttuatlons. this document Is Intended to help guide the 

Wl.A analyst toward the most tfftctlvt use of whatever resources are 

avallable. 

The rtmatnder of thlr document Is organrzed into the fol?ow!ng 

sectlons: 

fectlon 2.0 dtscrlber mathtmattcal framtuorkr for predjctlng tor!cant 

concentratl0n.s In rlvtrs. The approaches span a range of comglex'ty, 

from dlfutlon calculations to complex, multi-dlmtns:on~~, trrne-dary'ng 

computer models. This sectlon dtrcrIbes assumgtlonr and llmltatlons 

assoclattd with each aporoach. 

Section 3.0 presents the mdthtmdt1cal formulation of lmgortant fate 

and transport process and prov!dts background Information for speclfylng 

the parameter vdluts. 

Stctlon 1.0 presents ttchn!cal guldanct for conducting waste load 

allocatlons for toxlcants. It suggests that the analysts progress 

through three phases from slmolt to complex and discusses the associated 

needs for and management Pf supportlng data, Ouallty assurance and cost 

l stlmatts art covered for both fltld data and model parameters. Thl c 

sectSon also contains ttchnlcal guldanct In applying models and assc.slng 

the adequacy of sltt-sptclflc model prcdlctlons. 
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Stctlon 5.0 presents a cast study of modellng metals transport In the 

flint River, Michigan. Emohrrlr Is on the callbratlon of the toxlcant 

model ulth f!tld data obtaIned under three very dlfftrtnt flow rtglmtr. 

A $tnsItivjty analysis of the model parameters relative to the Flint 

Rlvtr callbratIon Is also presented. 

flnrlly, there art appendlctr contatnlng (A) dtrlvatlons of model 

tquatlonr, (8) a dlrcurrlon of sediment exchange and transport modeling. 

(C) a rumMry of fl!nt RIvtr (cart study) survey methods, and (D) 

chlorine bthav?or. In addltlon, tuo other reports art attached. One 

contains mttalr pattltlon CoeffIcltnts dtrlved from fltld data collected 

ndtlonu~dt. The other Is a catalogut of 14 models dtslgntd for toxlcant 

rtudlts. It brltfly sumnarlzts eacn model's theory. Input and output, 

strengths and Ilmltatlonr, and resource requlremtntr. 



SECTION 2.0 

BASIC MODEL FRAMEWORKS AND FORMULATIONS 

2.1 GENERAL 

This section provides a summary of modeling frameworks, with 
associated equations and assumptions, applicable to predicting 
concentrations of discharged toxicants, as affected by stream hydrology 

and morphology, reactions, and sediment interactions. Because the intent 

of this document is to present a range of approaches, it is useful to 
consider a means of categorizing water quality models according to their 
components and characteristics. In selecting an approach, a WLA analyst 
is likely to be interested in environmental simulation capabilities, 
which can be categorized as follows: 
A. 

B. 

C. 

D. 

System components 

- Water column 
- Bed sediment 
- Terrestrial watershed 

Processes modeled 

- Dilution 
- Advection, dispersion 
- Decay, transformation, speciation 
- Transfer between water, sediment. and air 

Spatial variability or resolution 

- 0, 1, 2, 3-Dimensional variability 
- Near or far field 

Time variability 

- Steady state 
- Time variable 



The analyst must also be concerned with the input data and hardware 

requirements associated with any approach. These tend to follow from the 

capability characteristics listed above. 

A general schematic framework for illustrating many factors that 
determine the concentration of toxicants in a river is depicted in Figure 

2.1. The conceptual elements Include: (a) mixing of effluent and 

upstream waters, (b) partitioning of toxicant between dissolved and 

particulate phases In both the water column and the bed, (c) exchange 

between the water column and the bed, (d) decay by irreversible chemical 

transformations, (e) losses by burial and volatilization, and (f) 
downstream transport via stream flow and bed load. Simple analytical 
frameworks may employ only a few of the elements shown; sophisticated 

computer codes, on the other hand, may articulate more complex 
arrangements than shown In the figure. 

The selection of any approach requires a trade-off between system 
realism and analytical efficiency. The simplest approaches tend to hinge 
on a few critical assumptions (as will be described shortly); the 

technical Issues and uncertainties that surface thus tend to be few in 
number but could be Intractable In nature. furthermore, restrictions in 

the form of their results can constrain the formulation of the basic 
questions they art Intended to answer. Complex analyses, on the other 

hand, with their numerous input parameters, call for the support of 
considerable laboratory and field data. The assumptions they rests: on and 

the uncertainties they surface may be greater In number but more subtle 
in nature than those of the simpler approaches. The complex approaches 

art applicable to a wider range of questions than the simpler approaches. 

It may not be necessary to choose a model at the outset of a 
project. Rather, as discussed In Section 4.0, It may be efficient to 
apply the analysis In stages, starting simply, and then moving to the 
appropriate level of complexity, as the issues, costs, benefits, and 
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declslon needs evolve. Nevertheless, because the collection of fltla 

data can be the most txQenS!ve DrOjtCt component, no major field surveys 

should be done before the analytIca? framework has been selected and :he 
Input data rtqulrtmcnts !UentIfItd. 

The approaches covered In this document can, for purports of 

dlscusslon, be placed In the folloulng types of catagorles: 

l Point of dlschargt dtlutlon calculations for total pollutant; 
steady-state or dynamtc. 

l One-d?mtnslonal, steady-state models for constrvatlve total 
pollutant. 

l One-dlmenslonal, steady-state models for nonconservdtlve tstdl 
pollutant. 

l One-d?menslonal, steady-state models for separate atssolved and 
particulate phases; having bed !nteractlons and multlDle 3roce$s 
rates. 

a WItI-dlmenslonal, and./or dynam!c mod’e;S for seOara:e 3’5;o’ded 
and partlculdtt pnaser or multiple species; hdvlng Ded 
InteractIons and multiple process rater. 

The aooroaches dlfftr In dlsctrnjng spattal and ternDora! vdr!dt'znS, 

envtronmental medja. and pollutant forms and behavior. The aDDrodc nes 

are descrtbed In the stctlons that follou. Hathemdt!ca~ 3trlvdt'zn~ 3i 

fundamental 8quattOns are provldtd In Apptndlx A. 

2.2 DILUTION CALCULAT1ONS - POINT Of O[SCHARC[ 

The mlxlng of the effluent flow ulth the river flow Is the flrrt 

DrOCtSs nOrIILitl?y evaluated !n Drtdlctlng amblent concentrat?ons of 

toxlcants. At the potnt where mlxtng hdS been comolettd, the 

COnCtntrattOn of the total pollutant Is given by: 

C,(O) = 5” % ’ 5u Ou 9 . 
0, l Ou QT (2.1) 



uhcrc, C,( 0) m Conccntratlon of total Oollutant lfrfncdlately after 

complete ml xlng (ug/I) 

5" 
s EffTuent conccntratlon (“9/l) 

5” 
8 UDstteam conccntratlon (“9/L) 

QT 8 tomblneb effluent flow (0,) plus uostream flow (0") (PIrec) 

WT s Comblned effluent plus upstream load (ug/sec) 

This formulation assumes that: 

1. Nlxlng 1s relatlvcly rapid. 
2. Decay or settling 1s slow compared to mlxlng. 

The comblnatIon of these two asfumgtlons lmplles that little decay has 

tlmc to occur before mlxlnq 1s complete. The formulation says nothtnq 

about the sire of or concentration uithln the mlx\ng zone. Nor does It 

say anythjng about the concentrations further downstream of the 

dlschargc. 

Used by themselves ultAout regard for dowstream fate. cllut'on 

calcu~dtlons hdve found conslderao~e use In set:lng water qud:!ry :asea 

effluent ~lmltatlons for both conscrvatlvc and nonconservative 

pollutants. This !s because Water Oual'lty Standards are often 

Imolemcnted In such a way that the toxlcant concentration 1s not 

otrmltted to exceed the numerlcal crlterlon at any point (outside the 

mlxlng zone), wtthout regard for the length of the stream affected. 

Consequently, for single dischargers In a regulatory sltuatlon that giver 

no conslderatlon to the number of stream miles affected, the analyst rllay 

slmoly apply the dllutlon formula (Equatlon 2.1) to determine the 

COnCentrat?On occurrlng lmnedlately below the discharge, before any 

I2~OCeSSeS (except for upstream dllutIon) can act to reduce the 

concentration. 

This aoproac3 Is not sultable for sltuatlons where two or more 

discharges. separated by a substantlal distance, affect tr, toxlcant 

cc cenllatlon. In this case some conslderatlon of the pollutant 



benavlor In tne reac,CI between the two discharges Is needed In order to 

predict tnt concentration (CTu) above the second dlschargtr. The 

aoproach Is nevertheless aop~lcablt In the numerous sltuatlons where only 

one of tnt several dlschdrgers Is of Importance for a particular tDx!cant. 

Because toxicants may rapldly QartltlOn be&ten the dtssolved and 

suspended solIdS phases \n the water column, or mdy taDIdly Interconvert 

bttrten different species or complexes, the concentrations In Equalton 

2.1 are usually Interpreted as being the total concentration of the 

toxlcant. When only one form of the pollutant 1s blologlcally dctlve 

(such as unlonlred amonla), It Is customary to dttermlne the dllutlon 

concentration as total, and then to separately determlne what fraction 

will be blologlcally actlvt. for example, the fraction of unlonlted 

amnonla Is determlned by pH and temperature. 

Perhdns tne cnlef dlsadvantagt of the dllutlon calculation at tnc 

Dolnt of dls:harqe Is that lt says tiothlng about :>e sDd:!a; extent oi 

the 3r3ble!nn, rh!ch In lurn pdr:ta::y 3tter7IlneS' :fre envlronmenta: 

3enefjts of poliutton control. The restrlcted v'lslon of this approacn 

thus Somtuhat hampers the analyst’s ablllty to respond to decjslon- 

makers ‘.c~ues:tons about environmental btneflts. 

The spatlal restrlctlon of this aDOroach may 5e gart!al!y ofFset 2y 

the ComDardtlve ease with which the temporal ConfInes can be expanded. 

It tS not unduly dlfflcult to dttermlnt the frequency dlstrlbutlon of t.?e 

OutDut concentration (CT(O)) using the frequency dlstrlbutlons or rea: 

time sequences of the four Input parameters (CTu, 0,. CTu, 0,). 

facile metnods for determlnlng the overall frequency of standards 

VlOlatlOnS at the DoInt of dlschargt are being reflntd (Dlloro and 

fItZDatr?Ck 1983) and appear to promlst substantial tmorovements In the 

evdludt!On of toxlctty problems. 

10 



2.3 ONLOIMNSIONAL. STEADY-STATE MOOEL Of CONSERVATIVE TOTAL POLLUTANT 

This approach goes beyond that of the prevlous sectton In that It 

QttdlCtS the concentration proflle throughout the downstream reach. This 

requires an assumption about downstream bthavlor. In this case the 

assumption Is constrvatlvt pollutant bthavlor because the dlschargtd load 

1s not reduced as It travels dounstream. Consequently, since Ullutlon If 

the only process afftctlng the concentrat?on, the model eauatlon 1s the 

previously dtscrlbed dllutlon formula (Equation 2.1). 

fhls formulation assumes: 

1. The pollutant Is esstntlally conservative (I.e., does not decay or 
settle from the water). 

2. The system is represented by average condltlons over some 
reprcsentatlve tlmt period so that the model eouatlons can be 
solved for dc/dt s 0 (I.e., no,varlatlons In tlmt - steady-state). 

3. The pollutant IS mlxed essentially Instantaneously utt.? :5e rtver 
(l.c.. the model dots not Q!scern concentration varlat'ons utthln 
a mlxlng zone). 

flgurt 2.2 depicts this model. If multlplt discharges uere present, 

concentrations along the length of the river uould Increase In stegs. 

Chlorldt In dllutc concentrations Is an examole of a non-degradaDle 

substance ulth llttle tendency to preclpltate or absorb to sedlmtnt. 1: 

can be expected to remain In the water column ulth Its steady state 

stream conctntratlon determlntd only by dllutlon. 

Prlorlty pollutants, however, may undergo a wider range of processes 

than chlorldt. The organlcs undergo dtgradatlon and transfer to alr and 

stdlmtnt. Metals (as total metal), although not degradable, also 
generally have an afflnlty for bed sedlmtnts. Indlvldual metal Ions and 

complexes can undergo transformation to other sptclts. Thus, an a prlorl 

assumption of conservative behavior ~111 often be unsound. Such an 

assumption 7s gentp 11 ltast approprlatt when allled to the dissolved 

fraction of a POllUtant, since adsorption can be a rapld process. 
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Nevertheless, where the sDatla1 dlstancc under study Is very small, 

conscrvatlvc assumgtlons may bald up quite ucll for the total form of 

mast pollutants. Thus. tt has been customary to conslder behavior uqthln 

legal mtxlng zones to be conscrvatlve, slncc the time of passage Is so 

Sfliall. Some other condltlons under uhlch conservative behavior may be 

prcdlcted are described tn Section 2.5.2. 

2.4 ONE IIIMNSIONAL, STEADY-STATE MODEL OF NONCONSERVATIVE TOTAL 
POLLUTANT 

This approach prtdlcts the conccntratlon of the total form of a 

nonconservatlve pollutant In the uater column throughout a 

one-dlmenslonal stream reach under steady-state condltlons. The model 

formulation 1s: 

X 

c+ xl * CT(O) e 
- 'T u 

(2.3) 

Mere. CT(x) = Concentration at points downstream of effluent (ug/L) 

c$O) a Concenttatlon Irrmedlatcly below effluent (from Eauatlon 

2.1) (q/l) 

I(T = Overall loss coefflclent (l/day) 

U = Stream velocity (m/day) 

X = Olstance dounstream of effluent (m) 

Several assumotlons accompany this model: 

1. I(T, the overall first order decay coeff!clent, jncludes net 
settling and all other losses or transformations. 

2. The average river and wste load Condltlons represent a 
steady-state condltlon (dc/dt a 0) over some time gerlod. 

3. Tht pollutant discharge ts mlxtd Instantaneously ulth the rtver 
(t.t., no mlxlng zone or lateral and vertical conctntratlon 
gradltnts). 

4. OtSOtrslOn is ntgllqlblt tn the longItudlna1 dlrectlon (I.e., only 
advtctlvt transport 1s cons1 I~ re slgnlflcant: plug flou). 



5. Average flow, average cross-rectlon area, and average depth 
sufflclently represent condltlonr ulthln a stnglr redcn. 

Flgute 2.! deplctr this model graphlcally. Thtt model is directly 

analogous to 800 dlsaDpearance In a clarslcal Strcetcr-Phelps 00 model. 

The model equation 1s apolled to each river reach wlth calculated 

concentration from the end of an upstream reach becomlng t>e uDs:ream 

boundary concentration for the next dounstteam reach. The se'ectlon of 

reaches Is determlned by slgnlflcant changes In river geometry, flor, and 

locatlon of potnt source trtbutarles. 

The overall decay cotfflclent 1s both sltt- and time-sDectf!c, 

possibly vary!ng ujth changes In controlllng parameters such as flow, 

cross-sectional geometry, sollds conctntratlons, aquatIc vegetation, 

ttmoerature. sunllght, and pH. Usually this aoproach !s apolled to a 

SpeCtflC 5lte where sufflclent fteld data are available to callbra:e Ki 

to the ODServed rate of dlsapoearancc. That Is. K7 Is adjusted until 

the calculated Concentrations reasonably match the measured 

concenttatlons along :ne lengt,Cl of the river dow7stredm of :nc cff:;ren:. 

As In 800 modellng. It Is considered undesirable to spatially vary :he 

decay coeff!clent ulthout a good underlylng justlflcatlon. The ODServed 

data must be expected to txhlblt scatter about the predicted curve, Cue 

to time varlatlonr and measurement errors. 

While this emplrlcal approach Is someuhat data Inten%?ve, It 1s 

fairly stralghtforudrd, ul th few degrees of freedom to manage. A key 

llmltatlon 1s that Is sheds no light on the fhctors that control Iti. 

In contrast to the sltuatlon wlth 800 and amnonla, there 1s ltttle 

experience to Indicate reasonable values for loss rates of most Drlorlty 

pollutants. Consequently. the analyst has little barlr for tecognlrlng 

or evaluating the uncettalntles of aoplylng the model, particularly 

under condlt?onr not yet observed (for example, tinder condltlonr of 

Improved wastewater treatment). A more theoretlcal model, although St111 

tled to some callbratlon parameters, provider a better bds!s for fe:al!ng 

ulth the uncertalntles Inherent In such appllcatlons. 



FIGURE '3 SIMPLE FIRST OROER DECAY ANALYSIS 
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Nevertheless, this genera? auoroach has been aDP11ed to phenols and 

cyanide In tfte Mahoning River (EPA 1977). Aopllcatlon of tflls aD0roacb 

to the rettltnq of metals In the Fltnt River Is described In ApDendtx A. 

2.5 ONE-DIMENSIONAL. STEAOY-STATE KIOELS FOR SEPARATE DISSOL’4EO AND 
SUSPENOED PHASES, HAVING 8EO INTERACTIONS AN0 nULT:PLE PQOCESS QA:ES 

Unlike the approaches derctlbed previously, this aDDroacn has 

developed speclf!cally for toxic pollutants which have tmoortant 

InteractIons ulth the bed sediments, and which may vary In bIologIca; 

actlvtty and other behavior, degendlng on form. Because ttils tyue of 

model dlscernr multiple Indlvldual processes, It provides a more complete 

understandlng of pollutant behavtor. The trade-off Is that there are 

more Ddrameters to SDeclfy, and It IS more dlfflcult to rigorously 

valIdate using field data. On the other hand, becaure :ntr tyoe of model 

reldtes SOme aspects of pollutant behavior to readily obServaD;e ;nys!caY 

DrODeftteS of the site and to knotin chemical propertIes Df many 

pollutants, some model uredlctlons may be attempted tiI:,CIo~t ?av'ng 

surveyed the pollutant's Uornstream profile dt t3e site. 

This level of analysis !s tufflclently complex that a comoutep 

program Is helpful (but not essential) for executing t3e c3mputa::onr. 

The Slmollfleo Lake and Stream Analyrls (SLSA). rn\ch Is avallanle dS 

both a calculator algorithm and a cornouter Drogram, Is pertiaDs tfie 

simplest version of this tyDe of model. This Drogram was develooed SY 

Hydra-Qua1 and Is avallablc from the Chemical Manufacturers Assoctat1on. 

The cornouter program MICHRIV has a somewhdt s!mllar framerork bu: Is more 

rigorous and flexible In Its handling of a particulate bound pollutant. 

lhts program was developed by the EPA Large Laker Research StattOn, 

Grorse Ile, SDectflcally for WLA purposes. 

04e framework for this type of model Is tllu L-at-d tn Figure 2.4, 

The lnodel discerns tuo media, water and bed sediment. and tuo forms of 

pollutant ultlcltn each media, dissolved and particulate bound. Process 
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rates art sptctftc to the mtdla and to the pollutant form: for example, 

only the partlculatt phase In udttr settler’ to the bed, and only the 

dlssolvtd phase In udttr vo~atf~ltts. Otrtvrtlon of the model tquatlons 

and ltstlng of arsumutlons art presented In Aootndlx A. 

In sumnary, the MICHRIV program prtdlctr the dlssolvtd and 

~drtlculdtt conctntratlons In udttr and bed sedlmtnt, uslnq tnt following 

types of Input data: flows and lOadS, hydraulic gtomttry, Mater-bed 

exchange paramtttrr, partltlon cotfflcltnts, and decay coefflclents. 

Nomenclature for the fO?lOwjng dtscurrlon Is prtsenttd An Table 2.1. 

The first major step ln MICHRIV's solutlon (after applying the 

Utlutton formula, Equation 2.1) 1s to prtdlct the concentration groflle 

of suspended solids dounstrtam of a point source. The downstream sollds 

concentration, T(X), ts related to the tnltlal conctntratlon, m,(O), 

and resuspension velocltles, Y s an4 Y rS, by the and to the settling 

txoresslon: 

V" I'm7 

-5 x 
(0)e ‘1 ‘1 l -- ursu7 (J _ e- $ T) (2.4) 

for dlch all parameters art dtflntd in Table 2.1. It 1s assumed tnat 

the bed solids conctntratlon, 9, 1s constant throughout the redch. 

(SLSA differs from MICHRIV In that It also treats III, as a constant. 

rather than a state variable, and thus omlts Equation 2.4.) 

The Scdlment txct'wgt vtlocltlts art related by assuming that the 

nwss (or t~lckntss) of the acttvt bed layer does not change over tlmt. 

Ealanclng the sollds fluxes results In: 

18 
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TABLE 2.1: NOF!ENCLATURE FOR WATER/SEO!!XNT MODEL 

Parameters Water Column Stdlmtnt 

Goncentratlons and Loads 

Total toxlcant (rg/%)* 

Olssolvtd toxtcant (pg/1)* 

Particuldtt toxlcant (ug/t). 

Partlculatt toxlcant (ug toxIcant/ 
mq sollds) 

Total sollds (mg/t)* 

Toxicant load (rg/stc) 

Part1 tlonlnq 

Olssolvtd fraction 

Partlculatt fraction 

Partltlon coefflclent (lhg) 

(T = r/C d 8 CpCdl 

ghanntl Geometry 

Oownrtrtam distance (m) 

Cross-stctlonal area (m*) 

Oepth (m) 

Flow (Ate) 

Vtloclty (Wstc) (U = O/A) 

C 
Tl 

C 
dl 

C 
01 

f 
dl. 

F 
31 

X 

*1 

Y 

5 

"1 

C 
T2 

C 
d2 

C 
P2 

'2 

"2 
--- 

f 
cl2 

f 
32 

.2 

X 

e-s 

H2 
--- 

se- 
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TABLE 2.1: NOMENCLATURE FOR WATER-SEDIMENT MOOEL (Contlnucd) 

Paramtttrs Mater Colum Scdlmcnt 

Rate Paramcttrf 

Aggregate decay rate cotfflcltnt 
- for dlssolvtd (l/day) KCll 
- for particulate (l/day) 
- for total (l/day)(K+jfd+Kofo) 

'$1 = 0 
Kl 

Scttllng vtloclty (miday) 
ys 

Rtsusptnslon vtloclty (m/day) me 

Stdlmtntatlon (burlal) vtloclty (m/day) --- 

Scdlmentatlon loss coefflcltnt (l/day) --- 

Dlffuslve exchange coefflclent (m/day) KL 

I(dt 
KPZ ' 0 
K2 
- . 

Y 
rs 

?I 
K 

s 
K 

L 

*In terms of bulk volume. 
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The stdlmcntatlon or burlal vtloclty, ud, rtfltCtS the rate of change 

In elevation of the btnthal surface at a particular polnt over tlmt. A 

positive value for ud lndlcatts that the channel 1s gradually fllllng 

In during the modeled condltlon; mattrlal 1s being lost to deto 

(Inactive) stdlmtnt, beneath the boundary of the modeled system. A 

ntgatlvc value lndlcatts douncuttlnq of the channel, and brings mattrlal 

Into the modtltd systtm. 

This type of atttntlon to sollds bthavlor 1s necessary because the 

movement of adsorbed toxlcant follows the movement of solids. The 

fraction of total toxtcant that 1s adsorbed on partlculatts (fpt In 

wter, f p2 In bed) and the fraction that 1s dlssolvtd (fdl, fd2) 

depend on the partltlon coefflclents appllctilt to the wter and bed 

(7 and f 2, rtsptctlvely), and the solids concantratlons (m, 

and II+ respectlvtly): 

f l 
cP lib 

I 

P- 
5 '1 l .?k 

(2.6) 

(2.7) 

where all pdramtttrs apply together tlthtr to the water column or to the 

btd. Use of the partltton cotfflcltnts assumes that the dissolved and 

partlculatt phases art In dynamic tqutllbrlum ulthln thtlr rtsptctlve 

medlr. It also assumts that the tqulllbtlwt adsorptlon Isotherms art 

llntar. But It does not ass- that any type of tqulllbrluat txlsts 

bttuetn the btd and the ovtrlylng uattr column. (Such an tqulllbrlum can 

be set ug under ctrtaln condltlons: ud I 0 and K2 I 0 ~111 cause the 

fluxes of total pollutant bttuten the water column and bed to cancel each 

other at steady-state; however, unless the addltlonal condltlon V, = 

T2 here Imposed, d net movement of partlculatt pollutant could occur, 

for txamglt, out of the water column, balanced by a net mowtment of 

dlssolvtd pollutant out of the bed.) 



The steady State solution for the total toxlcant conctntratlon ln the 

utter column can be expressed ln a famlllar form: 

C#) . C,,(O) t - KTx’“l (2.8) 

The overall removal rate coefflcltnt, KT (l/day), can be exPreSSed by 

the function: 

KT . K1 l Or2 (K2 l Ksfp2) 

'1 
(2.9) 

uhtrt Kd, and Kd2 art the toxlcant decay cotfftcltnts ln the mater 

and bed, rtspectlvely, and KS Is the stdlmtntatlon loss cotfflclcnt, 

uhlch 1s related to the burlal vtloclty by the txprtsslon: 

Ks l V2 (2. 

The aggregate decay coefflcltnts K, and K2 are simply the sum of the 

cotfflcltnts sptclflc to each comoetlng process, such as hydrolyslr, 

b!olysls, photolysls. and volatllltatlon. 

10 

The parameter group Or2/r, controls the lmportancc of sediment 

decay and loss processes ln Equrtlon 2.9. The parameter 0. called the 

rtdlmtnt capacity factor (OlToro et al. 1982). 1s defined In terms of 

solIds masses In water and stdlment (proportional to MI) and fractions 

partlculatt, fp: 

The rat?0 of toxlcant conctntratlons on partlculatts, r2/r,, 1s 

dtttrmlned from the txprtsslon: 

(u 
rs ‘2 . 

’ yjvp2 + KCbZ/*, ) fd2 

'1 (W rs l yj)fp2 l 
‘L fd2 + K2 H2 

(2.11) 

(2.12) 
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This ratlo Is controlled by scdlment exchange veiocltles, urs + ud 

(or us through Equation 2.S); the dlffuslon coeff\clcnt. KL, for 

exchange betrten the water column and the lnterstltual water of moderate 

to hlgh poros!ty stdlmtnts; the decay vcloclty In sediment, K2H2; and 

the fractions dlssolvtd and particulate. 

Finally, the total concentration of toxlcant In t!?e bed, CT2, 1s 

given by: 

(2.13) 

It should be noted that Equation 2.9 and 2.11 utlllze fd,and fp, JS 

If they uert constant throughout the reach, when In fact tfiey vary v 

m,(x). Consequently, In order to treat them as constants, the Y?CHR 

program dlvldtr each reach Into small computational Increments. with 

uhlch m, 1s virtually constant. and solves tne equations for each 

Increment, .novlng dounstream. 

1 th 

I ‘4 

In 

It can be seen that the model 1s not entirely stmp!e. uos: 

first-t\mt users may find some aspects of Its behavtor not \ntu\t\vely 

obvlous; Some StftSltlvlty runs coupled with exam!ndtlon of the 

formuldtlng equations may be helpful to obtaln a good fetllnq for how t?e 

model responds to Its lnout parameters. OlToro et al. (1982) discuss 

many aspects of the behavior of this type of formulation. ADDtnd!x A of 

this document provides a more comolttt derlvat\an af model formulatton. 

Section 3.0 provldts lnformatlon on stltctlng parameter values; Sectlon 

5.0 dtscrlbes a cast study using the model. Thomann (1984) suggests J 

slmllflcatlon of thls type of model. 

In prtdlcttng the total pollutant In the water column, It can be seen 

that MICHRIV and SLSA use the same first order decay formula 

t'qc-tlon 2.8) a thL slmylt emulrlcal dDprOJCh (Equation 2.3). In 
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MICHRlV, however, unlike SLSA and the emvIrlca1 aoproach, the decay 

coafflcltnt, Kf,, Is not ntctsrarlly constant ulthln a reach. Rather, 

It 1s a function of the fractions dlrsolvcd and partlculdtt (per 

Equations 2.9). ut~lch In turn vary utth any change !n the suspended 

sol!dc conctntratlon moving downstream (per Equations 2.6 and 2.7). as 

prtvlously mentioned. 

Conrequtntly, lf the suspended sollds levels do not vary ulthfn the 

reach (such as would happen If dtgorltton and rtsuspens!on fluxes 

balanced each other), a steady-state loss of toxlcant would occur only ds 

a result of degradatlvt processes or volatlllzatlon. 

For metals and other nondegradable, nonvolatllt substances the sole 

mechanism for reduction of the uattr column load Is burtal beneath 

dtposltlng sediment (or posrlbly transport dounstrtam ds bed load). 

Consequently, the bthavlor of such substances would be predIcted to be 

ConrtrvatIvt under the condjtlons of (a) r’teady pollutant 1oad:ng :o ;a) 

a graded 5tttdm ulth (c) Inslgnlflcant bed ?dad dnd :d) s:eday F’ow. A 

graded stream Is one uhtrt ntlther douncuttlng nor redjmentatlon \5 

slgnlflcant; the bed tltvatlon Is not slgnlf~cantly changing over :Ynt. 

Solids settling and rtsuswnrlon fluxes uould thus balance under the 

above condttlons. When a pollutant loading first began, exchange 

proctster uould cause a net transfer of poilutant out of the udter 

column Into the prtvlously uncontam!nattd rtdIments. After d ptrlod of 

steady condltlonr, houevtr, the bed conctntratlonr uould reach 

equlllbrlum ulth (become saturated ulth respect to) the water column 

concentratlonr. Then the pollutant flux out of bed would balance the 

flux !ntO the bed and no rtductlon of the uattr column load would take 

place. 
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In real systems, however, tlmc vdtidblt flows and loads would product 

unsteady conctntratlons and di sequ?llbr?um bttwttn the wter column and 

sediment bed. Whqlt the long term loading of the total form of a 

pollutant may be conserved ult hln the uattr column, short term loadjngs 

(such ds measured during fltld surveys) may not be conserved. During 

periods of high conctntratlons In the water column or of net dtoosltlon 

of sedlmtnt, the stream bed may act as a sink. During perjods of low 

concentrations ln water or of resuspension of the bed, It may act as a 

source. 

In evallratlng metals or othtr nonvolatllt nondegradable substances, 

HICHRIV dlfftrs from s~mplt flrrt order decay models In that loss through 

burlal only taker place unttl the suspended solids attain their 

equlltbrlum concentration or (If rtsusptnrlon equals zero) until only the 

dlssolvtd fraction rtmalns. In any cast, the asymptote uhlch :ht total 

mttal conctntratlon approaches 1s not zero, as Illustrated In F!gurt 2.5. 

Overall, the m!n advantages of using MICHR!V (or SLSA) are :ha: they 

dlscern bttuetn dissolved and particulate phases and they prtdlct the 

degree of contamlnatlon of the bed. In addltlon, they better dellntate 

the factors afftctlng the overall loss rate, thereby alloulng Setter 

UtlltzatlOn of prtvlous colftcttve experltnct In dttermlnlng parameter 

values and producing d much better undtrstandlng of the controlling 

factors. The number of degrees of freedom, houevtr, compllcatts the 

callbratlon procedure; In somt sltuatlons more than one set of parameter 

values may ftt the fttld data. 

Rtlatlve to some of the more complex models descrlbtd In the next 

stctlon, tht most Important l\mltatlons of this approach mlght be that It 

Is one-dlmtnslonal, steady-state, and plug flow. in addjtion, MICHRIV 

and SLSA lack complex klnetlc routines for Internally dtrlvlng a chtmlcal 

ctgradatlon ratt from Input ddtd. 
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For studltr of far fltld Impacts (as opposed to mlxlng tone Impacts), 

lateral and vertical varlatlonr In COnCtntratlOn art seldom sufflcltnt In 

rivers and streams to fustlfy modellng In more than one dlmenrlon. 

Longltudlnal dlsperrlon !s llkeu~se seldom sufflcltnt In rivers and 

(Ortscoll et al. 

such models to 

streams to dtscouragt use of a plug f 

1983). The plug flou asrumptlon dots 
estuarlts, however. 

low dssumptlon 

deter dDPly!ng 

var 

art 

sue 

The steady-state assumption affects the rlgor ulth uhlch time 

ablllty can be analyzed. When succtss!vt runs of steady-state model 

used to slmulatt a time sequence of events, the outwt of each 

tsslvt run 1s Independent of the prtvlous run. Unl Ike a dynamic 

model, the steady-state model has no memory of the prcvlous state of the 

system: lt assumes thdt the modeled condltlons have perslrtcd s!nce time 

Imnemorlal. To the extent that the real system can 'remember' !ts 

prtvlous condltlon, for txamolt through longltudlnal d!sptrs!on and d 

long nydraullc rctentlon ttme, a modeling error Is generated. In th!s 

cast :he steady-state model rould tend to overDredlc: during 3er'oas 3f 

high or steadily rlstng conctntratlons and underpredlct during periods of 

low or sttadtly dtcreaslng conctntratlons. 

Mulkty et al. (1982) have compared the frequency dlstrtbutlons of 

conctntratlons prtdlcttd by state-state and dynamic models. They applied 

the steady-state model EXAMS and the dynamic model HSPF to a sttudtlon of 

a constant effluent load dlrcharglng to a river with varldble flow. 

(90th models art dtscrlbtd In Stctlon 2.6 and In Attachment II.) tilth 

the steady-state model, a frequency dlstrlbutlon of dlssolvtd chemtca! 

conctntratlon ln the water column uas generated by maklng several runt, 

each with a dlfftrtnt flow having a knoun frequency of occurrence. With 

the dynamic model, the frequency dlstrlbutlon was constructed from a 

continuous, day-by-day slmulatlon operated from the dally flow record. 

They found the frequency dlstrlbutlon produced by the steady-state model 

to be nearly ldtntlcal to that pr.tucrd by the dynamic, continuous 
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slmulatlon model, regardless of whether the chtmlcal uas assumed to be 

strongly or weakly adsorbed by the sediments. It 1s l ssentldl to note, 

however, that tbls tqulvalencr between the fr?quenCy dtstrlbutlonr 

generated by the tuo duoroaches appttes only to rivers and only to the 

wter column. It does not apply to uaterr havqng constdcrablc 

longltudlnal dlsperston and long hydraulic ratentlon tAlmcs. such as 

lmgoundmtntt and estuaries, and It does not amly to concentrations In 

the bed scdtment (which slmtlarly has a tong retcntlon tlmt). Also, It 

may not necessarily apply to sltuatlons where the effluent load or other 

key factors arc raoldly varylng over a wide range. 

2.6 COMPLEX MOOELS HAVII(G MULTI-DIMENSIONAL, DYNAMIC, OR $PECIATIOH 
CAPABILITIES 

The wste load allocation models descrlbcd In the previous sectlon 

were one-dlmenslonal, steady-state, water column and sed!mcnt models ulth 

l qulllbrlum partltloning and linear transformation klnetlcs. The models 

described In this sectlon employ less restrlctlve assumotlons and contain 

more degrees of freedom. They tend to Involv,e more process-or?en:ea 

descrlgtlons of chemical transport, sorptton, speclatlon, and 

transforfnat3on. Enhanced process desctlptlons can provide a more 

confident cxtrapoldtlon of model results from the caltbratlon condttlons 

to different condltlons at the same site or to slmllar condttlons at a 

different site. These models can also be operated to provide more 

detallcd tesolutlon In time or space. 

Choice of d model utll depend on characterlstlcs and varlablllty of 

the v(Lste load and the recelvlng environment, the level of certainty 

required In model extrapolation, and the type of data avdlldble. for a 

given level Of predictablllty, the more cotnplex models generally requ\re 

a greater variety Of data, but ulth fewer constraints than simpler 

models. for example, steady-state models requtre data averaged over 

steaqy condltlonr, uhereds dynamic models can use data taken durlng 

steady or unsttady pertods. fht use of more c* ~.dlt, models rcqulre: no1 : 
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tcchnlcal compcttnct and resources to obtaln prtdlctlons, but not 

ntctssarlly more ulrdom and txperltnct to lnttfprtt the prtdlctlons and 

gain Insight lnto the problems. 

A varltty of fairly comoltx models cxlst or ulll soon be avallablt. 
Those general purpose toxic chtmlcal model codes dtscrlbtd In thtt 

rtctlon lncludt: EXAMS, EXAMS 2, and TOXIWASP, developed by Athens 

EnvIronmental Research Laboratory; HSPF, developed by Hydrocomp and 

Anderson-Wlchols for Athens ERL; SERATRA, TOOAH, and MEXAMS, dtvt?optd by 

Battellt Paclflc Horthuest Laboratory for Athens ERL; MASTOX, developed 

by Nanhattdn College for Gulf Breeze ERL; UTH-TOX. developed by Oak Ridge 

Natlondl Laboratory for the Offlct of TOXIC Substances; TOXIC, developed 

by Unlverslty of Iowa for Athens ERL; and CTAP, dtvtloptd by Hydra-Qua1 

for the Chtmlcal Nanufacturtrs Assoclatlon. To assist comparison, 

HICHRIV and SLSA. the slightly less complex models dtscrlbtd In the 

prtvlous stctlon, art tabulated here as uell. 

fable 2.2 cattgorlrts these comouttr codes. General chdractertstlcs 

of concern drt the type of aquatic syfttm that can be slmulattd (general 

dquatlc system or rlvtr), the chtmlcdl capabllltlts (gtntrallztd 

pollutant that could be a metal or an organic comgound, metal sptcIes, 

and daughter product), the stdlmtnt cagabllltlts (dtsctlptlvt Input, one 

slrt ftactton slmulattd, or several rlrt fractlonr slmulattd), the 

dlmenrlonallty (one-dlmenslonal, tuo-dlmenslonal, or box, uhlch can be 

drraytd as pseudo thrtt-d?menslonal), the numertcal solutlon ttchnlqut 

(f9nltt dlffertnct, ftnltt element, steady-state dlgorlthms), the time 

frame (steady-state, seasonal, dyndittc), dnd their dvd~ldbtltty. 
Attachment If of this documtnt contrlns addltlonal tnforlaatlon. 

Clearly, a range of models Is wallable 4th widely Otfftrlng 

CdPdbllltttS. Table 2.3 rumwlrtr what comOontnts of there models can 

be corsldtrtd more cornpltx or more general thdn those of MICHRIV and 

SLSA: thtlr transport, sorption, sptclatlon, or z an:rormatton 
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Table 2.2 General Cattgorlratlon of Computer Models 
(Ilsted In alphabttlcal order) 

CTAP 

EXAM 

EXAMS2 

HSPF 

MLXAMS 

HICHRIV 

SERATRA 

TOOAH 

TOXIC 

TOX IWASP 

UTM-TOX 

WASTOX 

0 

0 

0.0 

0.0 

M 

0 

0 

0 

0 

0 

0.R 

0 

6 - 6tntral Aqudtk Systm: A - Rlvtr 

I 

! A 

0 - 6cnerallrtd Pollutant; R - Metal, Sgtctflcally; 0 - Oaughttr Product 

x 
- OttCrtptlVt Input, Not SlfWldttd 
- Box ApOrOdCh, P3tudo 3-Olntenslonal; 2V - Two Olmtnslons (x-z) 

FO - flnltt Olfftrtnct; FE-Fjnlte Element; 53 - Steady State 
5 - Sedsonal; 0 - Oally 
A - Avalldblt frown EPA Center for Water Quality Modtllng, Athens, GA 
C - AvaIlable from Cbm. Hanuf. ASSI,C.; 61 - Avallable from CPA Grosst Ilt Lab 

set Attachment II for additional information. 



fdblt 2.3 Model Comgontnts uhlch could be COnSldtfed somewhat more 
complex or general than MICHRIV 

CfAP 

EXAMS 

CXAMSZ 

HSPf 

ME XAHS 

MICHRIV,SLSA 

SERATRA 

TOOAM 

TOXIC 

TOX IWASP 

UTM-TOX 

WASTOX 

S - frequency-Ouratlon Sumwry 
F - food Chain Model 
(F) - food Chain model from WASTOX 

l 

l 

. 

b 

+ 

l 

Expected to be Compatlblt 



algorl thms, or thtlr llnkagt to hydrologic. flow, and/or effects mdtls. 
Those comgontntr not labtlkd as mart comoltx may be roughly tqulvaltnt 

to, or even slmgltr and more restrlctlvt than MICHRIV and SLSA. 

Centrally It ts sound PraCtlCt to use the rlmoltst approach that ~11: 

properly handle the problem. Mtvtrthtltss, to satlsfactorlly resolve 

somt WLA problems, !t may be necessary to apply a very complex analysis 

to somt facets of the modeled system. To help dlsctrn the range of 

analytIca comgltxlty avallablt, the maJor model components are dlscussed 

below. 

3.6.1 Transport and Ekd/Uattr fxchanqt 

Movtmtnt of both dlssolvtd and partlculatt phase contaminants may 

occur ulthln the uattr column, ulthln the bed. and between the bed and 

the uattr column. (Transfer bttuetn the water column and the air !s 

presented tlstwhtrt In the guidance manual as ‘vo 1 

In the less lntrlcatt NICHRIV and SLSA, transport 

follows the one-dlmtnslondl Sttddy-Stdtt solution 

transport tquatlon for chtmlcdl and suspended std 

rtsusptnslon vtlocltlts drt sptclfltd for partlcu 

atlllratlon'.) 

In the water column 

to the advectl ve 

mtnt. Stttllng and 

attr (and thus sorSed 

chtmlcal). Less rtstrlcttvt transport and bedhater exchange assumptions 

can allou multlplt stdlnwnt slrt frdctlons ulth dlffertnt sorption and 

stttllng proptrtlts, vtrtlcal or ldttral rtsolutlon ln :ht spatial grid, 

and In rrvny carts, unsteady flou. There proptrtlts are tabulated \n 
flgurt 2.4. 

In place of a slnglt mlxed layer of bed, some models dlsctrn multiple 

layers In the bed. Olssolvtd chemical may be transported through the bed 

by port uattr ptrcoldtlon, or txflltratlon, or dlffuslon. Sorbed 

chtNca1 may be transported by stdlmtntatlon, troslon, or physical mlxlng 

of the sedlmtnt. Some models allow horjtontal movement of the upper bed 

ldytr (rtprtstntlng ‘fluid mud’ or bed load). Other models can represent 

this process 4th btnthlc water colwrr st.intnts carrying a hlgh suspended 

solids load. These oroptrtlts drt tabulated In columns 4 and 5 of Table 

2.4 for each model. 
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Table 2.4 Transoort and 6ed/Watcr Exchange Proocrtlcs 

CTAP 

EXAMS 

EXAMS2 

HSPC 

MEXAMS 

MICHRIV, 
SLSA 

SERATRA 

TODAM 

TOXIC 

TOxIwnSP 

UTM-10X 

MASTOX 

l 

l 

5 

0 

0 

3 

0 

1 

3 

3 

1 

1 

4 

3 

8 

8 

8 

1 

8 

1 

2v 

1 

El 

8 

1 

0 

n 

n 

n 1 

1 

14 

1 
I 

M t w 

R 

1 w 

n w 

3 l 

n l 

P 

P,f 

P,T 

54 

P,T 

P 

5 

5 

P 

P,T 

P 

P 

C 

I 
I 

f 
I 
I 

I 
C 

f 

I f 

! c 

C 

f 

C 

l - Capable 
0 - Oescrlptlve Input, Not Slmu‘lated 
0 - 80x Approach, Pseudo 3-Olmenslonal; 2V - TFO Dlmenslons (x-z) 
n - Nultlple Bed Layers 
w - Bed Load Approximated ulth Lower Water Layer 
P - Pore Uter Olsperslon; f - Enhanced Olffuslon from Bloturbatlon or Physical 

nixing; 5 - OIrtct Sorption bctuccn Bed and Water Column 
C - Callbratcd (Cmphlrlcal) Scour-Oeposltlon Parameters 
f - functlonal Scour-Oeposltlon Paramtte s 
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In MICHRIV and SLSA. chemical transport between the bed and the Mater 

column occurs through pore udter dtffusion and through steady scour and 

deposltqon of sedlmcnt. Some of the models considered here omit pore 

uater dlffus!on and describe th!s exchange as dlrcct, flrrt order 

sorption betreen bed and water column. Mathemdtlcally, the results are 

the same, given equivalent parameter values. Other models add a 

parameter to describe enhanced dlsperslve exchange due to Slotgrbat!on or 

physical mlxlng. The value of this Ddrameter can be sDeclf?ed In a 

qualltatlve sense only. finally, In place of the above cdllbra:lon lnpu: 

parameters, some models can Internally compute sediment exchange 

parameterS from functional re~dtlonshlps bctuetn f‘iow, shear stress, and 

scour. These properties are tabulated In columns 6 and 7 of Table 2.4. 

3.6.2 Sorption 

SOrptlOn of d chemical Onto sedlmcnt Is generally considered to 

proceed rdO!dly compared to other tran$Dort or transformat:on processes. 

MfCHRIV and SLSA assume adsorption and desorgtlon are completely 

reverstble. and proceed raotdly. .!4athemdt!cally, t5ese t-0 dssumgt'ons 

lead to the use of a gartltlon or dlstrlbutlon coeff!ctent for 

rotptlon/desorptlon. Thts coefflclent cdn be measured In the 1dbora:cry 

and’adjusttd for condltlons In the environment. 

Many of the other models also use partttton coefflclents aa)us:od &or 

Organic carbon content of the sedlmcnt. One model also automdtlcdlly 

adjusts the coeff!ctent for rcdlment concentration bd$ed on htgher 

Ddrtltlonlng at lower sediment concentrations. Some models mdke use of 

the Ldngmulr or freundllch Isotherms widely used In soI1 science, These 

emlrlCa1 reldtlo~shlps gred!ct progresstvely less addltlonal sorptton as 

Chcmlcdl' concentrations become h!gher, reflccttng the saturation of 

bIndIng sltts on the stdlmcnt particles. At low chemical concentrations, 

these Isotherms approximate a linear Isotherm, or partltlon coefftctent. 

USC Of there Isotherms, then, should be Important only when relat!vely 

high chem!cal I in -ntr. tl’ls dre expected. 

34 



Other models dssuma a Itnear Isotherm at cc~utllbtlum, but tpcclfy d 

first-order rate at uhlch cqulltbrtum 1s achltvcd. This may be Important 

Men transport or transformation processes proceed as rapldly as sorptqon 

(say, on the order of minutes to an hour). It can also be Important 

close to the point of dlscharqc of an effluent high In sollds entering a 

river low In sollds (as Illustrated In the fllnt River case study), or 

vtsr versa. 

Three types of thtorttlcally-based sorption algorithms have been used 

ln these models: Ion exchange, constant capacitance double layer, and 

ttlple layer site blndlng. The ton exchange technique can be useful for 

lonlc compounds uhere selectlvlty coefflclents for exchange reactions are 

rvallable. The constant capacitance and trlplt layer models consider 

charge-potential relatlonshlps at the surface and the changing propertlts 

of the surface as a result of changes ln pH or lonlc strength (Felmy et 

al. 1983). They require sotclflc txpcrtmental work to obtain the 
parameters, and are thus llmlted to aoollcatlons where sorgtlon-pH 

dyndmtCS are ImgOrtant, and where txperlmentai work 1s Joss!S;e. 

Table 2.5 tabulates the sorption propertlts of the general pur;rost 

models consldertd here. It 1s Important to note that research Is active 
In thts field, that other formulations have been dtscrlbtd In research 

models, and that these formulations ~111 be tested and avallablt In 

general purpose models ulthln a feu years. 

3.6.3 Soectatton 

Many chttiicals or metals dlschargtd into an aquatic envlronmcnt ulll 

be found In several species or comgltxcs. A comnon speclatlon process Is 

lonttatlon, which !s controlled by pH. 60th chemical rtactlvlty and 

toxlctty can be slgnlflcantly affected by the extent of tonlzatlon. 
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For metals. an Important process 'I 1*:-gan!c comoltxatlon. Table 

2.6 qlvts, for example. the posslb’t C'.s;rivtd sgtcles of lead In water 
contalnlng nltrate, chloride, sulfate. ",:arlde, and carSonate (Felmy et 

al. 1983). To calculate these spec!ts, cnt needs txoerlmental data on 

the tqulllbrlum constants and env:romcr:al data for pH, chlorldt, 

sulfate, flourlde, nltra:e, an< :ar:or?'r. A tellable thermodynamic data 

base Is available for lnorganlc compltxatlon of some metals, and 

lkorporated Into some geochemlcal ITOCC'S, lncludlng MEXAMS, the only 

qeochemlcal speclatlon model Ilsted 'n this sectlon. 

Anotner Important process for metals In many natural waters 1s 

orqanlc complexatlon. The exgerlmental data base Is more llmlted ttran 

for tnorganlc comolexatlon. Some data for fulvlc and humtc acids are 

Incorporated Into certain gtochtmlca‘ -odeIs (Including FEXAHS). 

Experlnental data from a particular s!:e, however, would be Setter for 

waste load allocat!onr at that s!:c. 

EXAMS and EXAMS 2 5dvt the cd:d3l'!tf of C1+scernl.?g ~2 t3 5 'on!c 

soecles of any organic pollutant under study. Unlike MEXAMS, 1: does no: 

predict metal speclatlon. The other mod’els have no accounting of lontc 

sDtcle5. 

3.6.4 Transforwtlon 

Transformation of a compound ul:3Yn an aquatIc tnvlronment can result 

from phySlCa1, chemical, or bloloqlcal rtactlons. The standard set of 

reactlons Includes photolys!s, hydrolysis. oxldatlon, and blolysls. 

Because voiatlllratlon (transfer Into the atmosphere) Is handled In a 

mathematically tqulvalent way. Yt too can be treated as a transformdtlon 

reactlon. These processes are discussed In Sectlon 3.3 of this guldanct 

document. 

The slmgltst approach, such as that used In MICHRIV and CAP. 1s to 

utlllrt a slnqle first-order rate cotfflctent speclfled In the program 
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Table 2.6. 01ss01ved socctcs of Pb 

P!+ 

WW~ (A01 

Pb( OH) 3 

Pbz( OH) 3* 

Pbz( OH) :+ 

Pbno; 

peso4 ( Nl) 

Pb(C)j)~- 

PbCl l 

PW2 (A01 

PbCl j 

PbCl:- 

Pefj 

Pbf, 

Pbf2 (Ml) 

Pef :- 

from ftlmy et al. 1983. 
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Input data. The analyst may obtain this rate cotfflcltnt by theoretIca 

calculation or by callbratlon. First order rate cotfflcltnts for 

compttlng processes art comblntd by slmplt addltlon to obtain an overall 

fltst order rate cocfflclcnt (utth no loss of rlgor). Sl.SA performs tn!s 

addqtton qnttrnally. 

The other ten models allow decay to be formulated as a second-order 

process: proportional to the toxlcant conctntratlon, and Dropot:tonal 

to some other conctntratlon or tnvlronmtntal parameter, such as hydrogen 

loft ConCtntratlon (In actdlc hydrolysis), or bacttrlal conctntrat40n (In 

blolysls). 

Rate I KCACe 

where, K = Second-order cotfflclcnt 

CA a An tnvlronmtntal parameter 

5 l Conctntrat!on of toxlcant 

With‘ respect to the toxjcant, the product KC, Is somttlmts called d 

'Pseudo' first-order decay cotfflcltnt: a first-order cotfflcqen: .,hrc? 

varies as a function of another parameter. To comblnt multlplc 

processes, the models Internally add together the ‘pseudo’ flrft-order 

COtffIcltnts In order to obtain an overall first-order decay coefflclent. 

In four of the tlght time-varlablt models conrldtrea >ere, t5e 

overall rtactlon rates can vary In rtsDonst to the tlmt varlatlon of tBe 

relevant tnvlronmtntal prooertlts, such as temperature, pH. light, wind 

and or current velocity. These four models art EXAIW, HSPF, TOxIwASP, 

UTH-TOX. 

Lastly, EXAMS 2 and HSPF art ablt to handle daughter Droducts a lonq 

4th parent compounds in a slnqlt slmulatlon. Other models require tvo 

separate slmuldtlons, ulth Internal loadings from the parent comoound 

sptclfjed as external Input to the second sImulat!on. 
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SECTION 3.0 

ESTIMATION AND USE OF MODEL PARAMETERS 

The purpose of this section is to provide information for estimating 
parameters for a model of intermediate complexity. such as MICHRIV, 

described in Section 2. Some discussion of the basis for estimating 

process rates will be presented; however, this document will not 
duplicate chemical-specific data and coefficients presented elsewhere: 

Mabey et al. (1982) tabulate values for the kinetic coefficients required 
by EXAMS (and similar models) for the organic priority pollutants; 
Callahan et al. (1979) review the fate characteristics of the 129 
priority pollutants; Mills et al. (1982) summarize fate data for selected 

pollutants; Lyman et al. (1982) present methods for estimating chemical 
properties; and Mill et al. (1982) present laboratory protocols for 
evaluating the fate of organic chemicals. 

The section will cover partitioning between aqueous and particulate 

phases, exchange between the water column and the bed, exchange between 

the water column and the atmosphere. and transformation of degradation of 
the chemical. In order to maintain focus on toxicant modeling, the 

discussion will not cover transport of the bulk fluid (advection and 
dispersion); such transport is adequately covered in Conventional 

pollutant texts. Furthermore. downstream movement of the bed will not be 

dealt with hart, as this process is ordinarily not expected to be 
Important for toxicant transport and is not included in most models. 

3.1 EXCHANGE BETWEEN BED AND WATER 

In modeling the transport and fate of chemicals in aquatic 

systems, it has bean increasingly evident that knowledge of how a given 

chemical is distributed among various phases - solution, suspension, air 
and bottom sediment interfaces, biota - is essential. One of the most 
significant mechanisms for the movement of toxic chemicals through the 
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aquatic environment is the adsorption or uptake of the chemical by both 

nonviable and viable particulate matter, followed by the transport of the 
Interacting particulates. Association with suspended matter not only 
alters the transport regime of a chemical - by introducing additional 
mechanisms such as deposition and entrainment - but the process can also 
indirectly affect the rate and extent of transformations and biotic 
accumulation. For example, partitioning of a portion of a chemical in 

suspended solids will reduce the flux of that chemical Into the 
atmosphere via volatilization of the soluble phase. On the other hand, 
such solid phase partitioning would be likely to increase the chemical 
flux into the bottom sediments by deposition processes. Accordingly, 
accurate determination of the transport and fate of a chemical requires 
concurrent knowledge of the transport and fate of Interacting particulate 

matter. 

Literature on sediment transport In riverine systems is extensive; 
however, accurate prediction of sediment dynamics from basic theory 

appears tenuous. Rather than attempt an extensive development of the 
theory Involved in river sediment transport, the focus of this subsection 

will be to provide some methods for estimating sediment transport 
parameters. A further development of concepts is appended (Appendix 3). 

3.1.1 Particle Transport and Exchange 

The capacity for particles to interact with aqueous toxicants is 
related to the particulate surface area. As small particles have greater 
surface-to-volume ratios than large particles, it is the smaller (silt 
and clay sized) particles that tend to be more important in determining 
pollutant behavior. Smaller particles art also more readily carried by 
the streamflow than large particles. 

Within the MICHRIV modeling framework, the variables or parameters 

which control the exchange of particles between the bed and the water 
column are: m1 and m2, the slide concentrations in the water and 
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bed; and us. Yr*’ and Ud. the vtloclticr (m/day) of scttllng, 

resuspension. and burial, (sedlmentatlon). The thlckntss of the active 

bed 1s assumed constant. Sotcifylng any four of these five variables 

allows the last one to be calculated from: 

u,(x) = 
mp) 

m2 
Us - “rs (3.1) 

As MICHRIV and SLSA (as well as some more comolcx models) recognize 

only one particle slzt or type, the parameters may represent average or 

median values. 

In several model frameworks, Including MICHRIV and SLSA, the bed 

sollds conccntratlon. m 2, Is a user speclflcd constant. For d tyDtca1 

river bottom ulth uater content 60-90X by weight, and a typlcal solids 

.OOO-500,000 mg/P 

ImentS were measured at 

dtnslty of 2.5 g/cm3, m2 

(ln terms of bulk volume 

200,300 mg/l (Sectlon 5) 

~111 vary In the range 50 

1. Flint Rlvtr bottom ted 

. 

In most models (\nc'lud\nq MICHRIV but excludlnq SLSA and EXAMS) t5e 

SolIds concentration In the uattr colwnn, m,, 1s a state varla'ble 

prtdlctcd from the sollds loadings and the stttl!ng and resuspension 

velocltlcs. In MICHRIV (as descrlbtd In Section 2). m, 1s given by: 

-EC 
m,(x) = m,(O)e "l"1 . "rrmZ 

5 x 
US ( 

l-e-T 

) 

where all parameters are constant. 

(3.2) 

It Is useful to Identify three basic condltlons of partlclt 

exchange. first, a condltlon may exist where m, remdIns constant 

(moving downstream) and the sedlmtnt bed Is ntlthtr accumulating nor 

scou. 1 \g way. Although sollds stttllng and scour may be occurtlng, t'<j 
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are In a state of cqulllbrtum (l.c.. they balance each other); 

consequently, ud - 0. 

In the second condltlon, fn, decreases moving downstream because the 

settltng flux exceeds the rtsusptnslon flux. As the bed cannot move 

horizontally In NICHRIV, the resulting excess In settled soltds 1s bur!ed 

at vtloclty ud > 0. In the third condlton. m, increases because the 

resuspension flux exceeds the settling flux; foi the resulting net scour, 

Ud ( 0. These three posslbllltles are deplcted ln Figure 3.1. 

It must be noted that In models which allow downstream movement of 

the bed (bed load), ud could be glven a djfferent Interpretation. For 

example. when stttllng exceeds resusPenslon (u, > 0). an Increase In 

bed load (at the expense of the suspended load) could be permttted to 

remove the excess sediment. In thls case ud could reflect the rate of 

Increase of the bed load. As noted In Aopendlx 0, houtver, bed Yoad Is 

seldom expected to Se an lmoortant transgor: mecfianlsm for aCsor3ec 

toxlcants. 

If the downstream profile of “f follows Equation 3.2, t5en It may 

be posslble to evaluite us and urs (or ud) Indirectly. The 

procedure Is analogous to dttermlnlng a first order decay coefflclent 

from the dlsapptarance proftlt, but has the comltcatlon of an adaltlona’ 

degree of freedom. In the follou!ng dlscusslon It 1s assumed :,Cla: 32, 

U, (velocity), H, (depth), ana 0, (flow) are known constants 

throughout the reach, m,(x) has been measured at several polnts through 

the reach, as Illustrated In Figure 3.1, us and urs are unknown but 

Constant, and u,(x) Is unknown and variable (per Equation 3.1). It Is 

also assumed that steady state conditions prevail and that the bed Is the 

only source of sollds below the head of the reach (for example, no 

nonpolnt loads and no phytoplankton growth). 

By evaluating Equation 3.2 for large values of :, uc can be related 

to the T asymptote: 
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h 
P 

C 
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FIGURE 3.1 
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(3.3) 

uhtrc T(o) 1s tbt arymotott (m,(x) at x 8 0). cstlmated visually 

from a profIle suc!'~ as shown In Flgurc 3.1(b). If Equation 3.2 Is 

normallzcd for the asymotott and put In loqarlthmtc form. the derlvativc 

(slope) of the resulting expressIon Is dlrtctly related to Y : 5 

5 = '"A 
Alog, [fy(x) - ?(-)I 

AX 
(3.4) 

This In analogous to dttermln!ng a decay coefflclent from the rloDe of a 

semi-loqartthmlc plot of concentration versus tlme. Hdvlng thus determnlned 

us and urso the value of u,(x) Is gtven by Equdtlon 3.1. 

Altern6tlvely. the value of u,(x) dc l any parttcular point can 3e 

exrlressed In terms of the linear (father than jem\-:oqar\:Mt:c;, j',jDe 3; 

the profllt: 

"19 
Yd( x) = -- 

q(x) 

9 AX (3.5) 

The value of us wuld then be gtven by comblntng Equation 3.1 and 

3.3, and the value of urs by Equation 3.3. 

The Indlrect estimation of sollds exchange veloc!t!es, as descrIbea 

above. may be dlfflcult In many practical sltuatlons. If hydraul !c 

condltlons (such as U, and tt,) vary along the length of the rlvtr, 

then us and urs may also vary. Normal scatter In the suspended 

solids data (such as caused by tlmt varlablllty) may make Identlflcatlon 

of slope and asyrmtotc ambiguous. The analyst may thus need other means 
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for tstlmattng us and urs. 80th may be Independently estqmated, or 

having lndtptndent~y tstlmatcd one, the other can be more earl ly 

calibrated-uslnq the sollds Drofllc (as Illustrated In the Flint River 

case study). In any cast. callbratlon Is asslsted by recoqnlzlng that 

the magnitude of us (or ud) controls the distance needed to approach 

the asymgtote, uhlle the ratlo urs/u 
S 

controls the value of the 

asymptote. 

A dlrtct estirnatt of the rtttllnq velocity, us, can be made using 

Stokes’ equation. Figure 3.2 tllustrates the solution of this formula. 

vs 18 
l ,dz (Ss - SJ 

u 

(3-6) 

uhere, vs = Stokes' settllnq velocity (cm/stc) 

dg 
= Cravltatlonal acceleratton (doorox. 980 cm/sec2) 
= Particle dlameter (cm) 

v l ICInematIc vlscoslty (cm2/sec) (Figure 3.28) 
SS l SDtclf!c gravity of partlc:e ‘(dlmtnslonless rat?o) 
S, a Sotclflc gravity of uater (1.0). 

This calculation Is Intended to apply to noncoheslve sphtrlcal partlc:es 

In a quiescent medium. Substantial differences may exlrt betretn t>e 

calculated Stokes' vtloclty, vs, and the effective cettl!nq ve:oc?ty, 

%’ 
of natural gartlcles under both laboratory and field condltlons. 

Such differences may result from particle InteractIons and fluid 

turbulence and shear. 

Coagulation or clumlnq together of suspended parttcles creates 

larger diameter partqcles havlnq higher Stokes' s+ttl!ng velocity. The 

Inter-Partlclt coll!s~ons necessary to brlnq thls about may result from 

(a) BrOunlan mtlon (dtffuslon), (b) shear (vtloclty gradients) Internal 

to the fluld, and (c) dlfferentlal stttllng velocltles, causing more 

rapidly Settllfq particles to Intercept slower settling gartlcles beneath 

them (O'Mtlla 1980, Hayttr and Hehta 1382). The Inter-particle 

cohes!veness needed to produce aggregate.- from collldlnq particles may 

result from (a) van der Waals forces, \.J,) electric charges on parttclt 
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surfaces, (c) lntcractlonr of aaucous IOnS attracted :o thd charged 

surfaces (d~ublc layer). (d) chcmlcJ1 bonds, and (c) other mechanisms 

(Parthenlades 1971). As-a result of codgulatlon Into larger partlclcs 

the observed rettllng velocity may 3e o.‘ders of magnitude larger than the 

Stokes ’ vcloclty of the dlsaggregated wrtlcles (Uchrln and Meber 1900). 

Hayter and Mchta (1983). In modcY:ng fine sedlments In estudrtes, 

Indicate that the effective depOs!t:087 ve;oclty, ws, decreases ul:h 

IncreasIng shear stress. T, produced by the fluld passing over the 

bed. Shear stress In an open channe; Is determlned as Follows (Graf 

1971) : 

t 9 rRS (3.7) 

where, T = Shear stress (Heuton/m2) 
y.= SDeclflc uelght of udtzr (aoJroxl;nately 9807 Wm2) 
R m Hydraulic radius, approx:mately equal to stream depth (31; 
5 = Slope of the energy grjJz l!ne, apgroxlmately equal to :>e Sed 

slope (m/m) 

If the stream velocity. U, Is assumed to follow Manning's equdtlon. :.?en 

the bed shear can be expressed J’. 'tilers: 

t a y (n U/1.486)*/R1/3 (3.8) 

Mere n It Manning's roughness c3eizl::wt. Under this cond!t?on, 3ed 

shear Is related to the rauare of velo;l:y. 

Parthenaldes (1971) notes that there Is some! crItIca velocity or 

shear above uhlch no deposltlon of fl.7e Jarzlcles u!ll occur. AS 

vtlocltles drop below thl: crltl:al value a raJldly Increaslng proport?on 

of the flnc particles are capable of degorltlng. 

In this vein, HydroOual (1982) rccomncnds settling us equal to 

25-50X of the Stokes' veloc'ty In most rtvtrs, and to as ltttle as 10% of 

the Stokes' velOCltv In shallw St-?d.TtS. They a:so potnt out that the 

Stokes l ,lc,latlon shou 4 bc treated as a prellmlnary estimate, to be 

moUlfIed by callbratlon t3 37~ scs;er.ded soltds data. 
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For quiescent waters, Thomann (1982b) and RIchardson et al. (1963) 

have calculated us In the range 0.1-5 m/day. In the flint Rtver case 

study, us was calibrated at 0.25 m/day durlng low flow and 0.6 m/day 

dur?nq a hIghtr flou ptrtod. (An Increase In settling vtloclty u\th an 

Increase In flou Is the result of suspension of larger or denser 

particles by the hlghcr flows). The manual Sedlmentatjon En~lnterlnq 

(AXE 1975) presents a thorough dlscusston of the effects of sedtmtnt and 

fluid proptrttes on the stttllng velocity. 

Dlrcct lnstrcam measurements utth sedlmcnt traps can be used to 

estbatt Y 
I’ 

HydtoQual (1982) briefly dtscusses such measurements, 

SumMrIt'lng the flndlngs of B'loraquIst and Hakansom (1981) on the accuracy 

of various types of sedtmtnt traps. 

The resuspension velocity, urs, also depends on the shear stress, 

t, as well as on the strength of bed to reflst shear. The strength of 

the bed Is related to the nature the Dartlcles and the UeDoslt?on h!s:ory 

(?ncludtng age and degree of consoTlua::on). Below some :tl:tca7 

velocity or shear, little or no resuspension may take place, whtlc above 

this cr?tlca) value, resuspension may tncrease rapldly (Parthenaldes 

1971, Xayttr and Mehta 1983). The parameters determlnlng resus2enslon 

rates must generally bt l mpIrlcally measured. 

bonarountas and Mathtar (1984) Ulscuss data and methods. and prooose 

algorithms for dettrmlnlng both degosltlon and resusgenston. Their 

CornOuter model, SEDIH, 1s Intended to be used for estfmatlng the Input 

parameters of commonly used toxlcant models. It employs the formuldtlons 

of Elnsteln, Meyer-Peter and Mueller, and foffaletl, adapted to account 

for the flrld data available to tht analyst. 

3.1.2 gfffurion 6etueen the Water Column and Pare Water 

DlffuSlOn of dissolved pollutant between the bate- column and the 

stdlmcnt Interstltlal water operates to move materla. from the region of 
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hlghtr concentration to the ttglon of loutt conctnttatlon, In accoraanct 

ulth Flck’s Law. If no dlssolvtd conctntratlon gradltnt cxtrts then 

dlffurlon 1s unlmoottant. httt COluIYVI and port udttr would be txptcted 

to attain the same conctntratlon under the following cond!tlon: (a) 

steady state ulth (b) partjtlon cotff~cltnts equal In the bed and the 

water column. and (c) no decay wlthln the bed. 

Unsteady condltjons product conctntratlon grad!tnts tnat can make 

dlffuslon Important. In addltlon, If partltlon cotfflcltnts art lower In 

the btd than In the uattr colunm due to the hlghtr solids conctntratlon 

In the bed (O'Connor and Connolly 1980). then dtposlttd partlculatt 

pollutant may have the opportunity to dtsorb and dtffust back Into the 

uattr column In the dlssolvtd PhdSt. Decay In the bed. on the other 

hand. would tend to depress port uattr conctntratlons relative to water 

column conctntratlons. Thomann (1984) Indlcatts that for metals copper, 

cadmtum, and zinc, stdlment dlffuslon Is an Important process In water5 

havfng suspended solldr conctntratlons less tfian about 10 ?q/o. 

The txchdngt cotfflcltnt dtscrlbtng dlssolvtd exchange bttrttn :nt 

btd and uattr column has been termed XL In Stctlon 2. HydroOual (1982) 

notes that this pdramtttr Is dlfflcult to measure dIrtctly. They belleve 

that KL In the range 10 - 100 cm/day may appear reasonable based on 

fltld and microcosm callbratlon results. 

80th molecular dlffuslon and physical stlrrlng of the bed may 

contrlbutt to the mgnltudt of the exchange cotfflcltnt KL. Where only 

molecular dlffuslon Is important KL can be tstlmattd from the 

txgrtsslon (HydroOual 1982): 

where: 

(3.e.l) 

0~ = molecular dlffus!vlty oc chtmlcal In water (cmt/day) 
* * 'tc'mtnt porosity (dlmt, ,IOI~ ,tss) 
4 I length of vtrtlcal conctntratlon gradltnt In stdlmtnt (cm) 
n 8 a power 
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The stalmtnt porosity + aDDtar the numerator to account for tfit 

rtductlon In dlffuslon caused by the tortuoslty In scdlmtnts. It aDDtars 

In the dtnomlnator to account for the convcrslon of conctntratlon un!ts 

from Inttrstltual volume to bulk volume. The vertical conctntratlon 

gradltnt length 6 may be taken to be tuulvalent to the actlvt rtdtmtnt 

thlckntss H2 used In Sectlon 2.5. The value of n 1s a sedlmtnt 

dependent property Indlcatlng the rtlatlonshlp bttaten Doroslty and 

tortuoslty. HydroQual (1982) assigns the value n s 2; however Chapra and 

Rtckhou (1983) lndlcatt that other values may alsO apply. 

Chapra and Rcckhow (1983) present the molecular dlffuslon coefftclen: 

ddta of L1 and Gregory (1974). For prlorlty pollutant metals 0‘ IS 

frequently between 6 x 10 -' and 12 x 10B6 cm’/sec at 25.C. 

DIffuslvlty 1s roughly llntarly related to temperature; values a: O*C are 

about half of those at 25'C. 

Eouatlon 3.8.1 dots not tnCludt the effect of Dhy5rcal $:!rrlng 3f 

the Std Std!mtnt caused 3y currents and ben:n!c dn!md:s :)‘ot;rzd:‘anj. 

Htdthershdw (1976) and FI.shtr et al. (?980), among others have noted :?e 

~mDottaRCt of b!oturbdtlon in Incrtastnq the efftctlvt rates of dlffuslon, 

Addttlonal eXpldndt!On Of sedlmtnt dlffuS!On DroCeSseS and 

formulations art Drovlded by Btrntr (1980). ChaDra and Rtckhou (1983). 

and 01Toro and Connolly (1980). 

3.2 PARTITIONING PROCESSES 

3.2.1 Metals Partltlonlng 

The lnttractlon between dlssolvtd metal sptclts and rlvtrlnc 

pdrtlculatt matter, under normal physlcochtmlcal condltlons, generally 

leads to a large fraction of the metal bt!ng associated with solids. 

When a slgnlflcant fraction of the total metal In a system Is In the 

sol id phase, the fate, transport, and bloavdllablllty of the metal dre 
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aLtered consldtrably. There Is amolt tvldtncc In the llttraturt that 

metal assocldtts ulth partlculatt ftiWtr; however, thtorttlca? (as 

opposed to @npIrical) approaches have not been uidtly applltd to 

quanttfylng thls process In natural systems. Tht purpose of this stctlon 

1s to present the thtorttlcal consldtratlons that have led to the simple 

paramtttrltatlon of metals partltlon!ng commonly used, and to :nalcdtt 

the factors uhlch Influence partttionlng. 

The accumutatlon of heavy metals In aqudtlc solld substances can be 

characttrlrtd by the fo?loulng ftvt major mtchdnIsms (Gibbs 1973): 

1) adsorptive bonding on flnt-gralned substances, 2) prtcipltatlon of 

dlscrttt metal conwounds. 3) coprtclpltatlon of metals by hydrous Fe and 

Mn oxrdts and by metal CarbOndttS, 4) assoclatlon ulth organic molecules, 

and 5) lncorporatlon Into crystalllnt mlntrals. Inconslsttnt 

InttrprttdtlOnS Of f!Ntal sollds tRttraCtlORs In natural wdttrS cdn casI!y 

arlst In sltuatlons where dtfftrtnt mechanisms are ooeratlng under 

dlfftrtnt tnvlronmtntal cond!tlons. For. trample. even though adsorDt'on 

!s a ntctssary f!rst step for heterogeneous surface preclD!:at!on, Corey 

(19al) dlstlngulshts between the tuo as follows: 1) adsorptlon 1s a 

two-dtmtnslonal, surface layer process uhllt prtc!o~tatlon Involves 

three-dtmtnstondi crystal bulldup, and 2) In adsorptlon, solutton 

adsorbatt conctntratlon Is controlled by surface site conctntratlon 

uhtrtas the degree of prtclpltdtlon 1s controlled by solutlon 

concentration. For htttrogtntous prtclpltatlon to occur condlt!ons 

Itadlng to a crltlcal SupersaturatIon of the adsorbate Ion must exist. 

In a system uhtrt the ultlmatt result ts the formatlon of a prtclp!tate, 

however, the strtct assumptton of an adsorptlon-dtsorptlon tqulllbrlum 

may be fnvalld. 

In IRoSt casts encountered in rlvtr systems tt would stem that 

adrorptlon of metals to lnorganlc surfaces 1s the domjnant blndlng 

fWihdnl Sm. However, In sItuatlons where there Is a large fraction of 

btologtcal solIds, sorption Into biomass or b’lndlng by c.ganlc surface 
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functtonal grows can play an ffwottant role. In fact, most of the 

models dtscrlblng the Inttractlon of adsorbatt Tons and surfaces have an 

lmgllclt dtflnltlon of ddSOrgtlOn as a tuo-dtmtnslonal, surface 

phenomenon. 

Adsorptlon modc’ls developed from a thcoretlcal basts are generally a 

comgosltt of surface complex formatlon theory (Schlndler et al. 1976; 

Huang and Stum 1973) and various tltctrostatlc models 

(Gouy-Chapman-Stern model In Shau 1978; Grahame 1955; James and Htaly 

1972). Moth recent models, such as the one proposed by Qavls, James and 

Ltcklt (Davis et al. 1978; Oavts and Ltcklt 1978; James et al. 1978). 

comblnt surfaci complexlon ulth tltctrtc double-layer theory and 

lnttroret adsorption phenomena In terms of a knowledge of the speclatlon 

of the adsorbatt and the adsorptlon sltt. 

Current adsorption models have been revlertd by a number of aut.clorr 

(Wastall and Hohl 1980; James and Parks 1981; Schlndltr 1981; Motel 1981) 

and have been shown to have a sound thcorctlcal basis. The appltcatton 

of these models to well-characttrlztd laboratory metal-llgand-surface 

systems have shoun excellent agreement utth experImenta observations 

(e.g.. Oavls and Ltcklt 1978a; James et al. 1981; ihelss and Richter 

1980; Bcnfamln and Lccklt 1980). Houever, wlthout further basic researc9 

and txgtrlmcntation ulth natural aquatlc sediments, It wilt be dlfflcult 

to apply the thtorettcal models to adsorptlon In natural systems. The 

apollcatlon to natura? syrttms 1s mainly hammered by the need for data on 

nufntrous lntrinslc parameters for each adsorbent phase In the system of 

Interest. 

hspttt the ‘lag that currently txlsts between the development of 

thaorttlcal mttal adrorptlon models and thtlr practical pDpl!catlon to 

natural systems, there has artsen (through model development and 

tXitrlmtnta1 obstrvatlon) general agreement on many of the characterlstlc 

features 0' idrqrptlon rtactlons. Metal adsorptloo Is consldered to be 
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analogous to the formation of soluble cofnD1exes, with the only dlffercnce 

btlng that the llgand In the reaction Is a surface sltt (Stum and Morgan 

1981; 8tnJamln and Ltckle 1981). Therefore, the same factors afftctlng 

soluble complex formation also affect the lntcractlons at surfaces. 

Of course, pH 1s one of the most Influential parameters In governrng 

metal adsorptlon, afftctlng both the type of surface sltts and the 

spcclatlon of the metal Ion In solutton through hydrolysis reactlons. 

For example. surface hydroxyl grows can ex!st In three possible charge 

states, ulth the rtlattvt dlstrlbutlon deptndlng on the pH and acldla 

constants. 

KS 
al 

KS 
a2 

S-OH; =S-OH-S-O- 

At the same time the metal Ion ~111 undergo hydrglyrls as pH Increases. The 

resultant surface assoclatlon of metal Ions ulth hydrous ox?de surfaces 

tends to demonstrate a raoldly Increasing metal lon adsor=rt!on as 3~ 

Increases over a very ndrrou range of 1-t unj'ts (James and Healy 1972a; ana 

many others). 

This *pH adsorptlon edge,’ as It 1s commonly called, often Is 

dtmonstrattd by a plot of percent metal adsorbed versus pH. An example 

of a typical metal adsorptlon edge Is shoun In Flgurt 3.3. In most 

casts * fractlonal adsorptIon decreases (the pH edge shifts to the right) 

as total metal conctntratlon (MeT) In the system Increases, other 

condltlons btlng constant (Bcnjamln and Leckle 1980). Thls effect 1s 

most often tvjdent at low adsorptlon densltles, when excess surface sites 

are avallable. 

In Sltudtlons whtrt~compltxlng llgands (clthtr organic or InorganIc) 

art present In an adsorblng system, the above gtntralltatlon for the 

rtlatlonshlp between metal adsorptlon ana gH #s not always true. In 

fact, depending upon the particular metal, llgand, adsorbent ana pH 
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range, fractional metal adsorptlon has been observed to decrease as 2~ 

Increases (MacNaughton and James 1974). 8tnJamln and Ltckle (1981; 1982) 

have proposed a conceptual model to txPldlri this bthavlor, where the 

posslblllty txlsts for free metal. a metal-llgand complex, or free llgand 

to be assoclattd ujth a surface. Then the percent adsorpt\on of a 

metal-llgand comulex ~111 Increase ulth pH If lt behaves as a free metal 

In Its surface Inttractlon ("metal-IIke') and ~111 decrease ulth pH If 

Its adsorptlon rtactlon Is slmllar to that of a free llgand ("llgand 

llkt'). 

Another characterlstlc feature of metal adsorptl.on 1s competltlon 

between adsorbatt metals. Major catlons, such as calcium and magnesium, 

have been shown to Influence the adSOrptIOn of a glvtn metal Ion. 

Prtdlctablllty of the Influence of major catlon 1s dlfflcult, and 

obstrvatlons range from lnh!bltlon to no effect. At any rate the effect 

Ctrtalnly stems to be smaller than those due to varlatlons \.n pH and 

1 lgand levels. 

COmQttltlvt adsorptlon lnhlbltlon among adsorblng tract metals 15 

observed even at very lou total adsorptlon densltlts (at most a few 

percent of all surface sltts occupltd). 8tnjamln and Leckle (1981) have 

suggested that the explanation for this phenomenon Is the presence of 

several dlstlnct groups of surface sltts. Then the posslblllty txlsts 

for two metals to be compttlng for the same group of preferred blndlnq 

sites, uhlch may represent only a small fraction of all surface sltts. 

The txlsttnct of multlsltt surfaces may also partially txplaln the 

vartatton of pH-adsorptlon edge among dlfftrtnt metals adsorbed 

lndlvldually to the same adsorbent. In this cast dlfftrtnt blndlng sltts 

are preferred by each mttal. 

Although numerous txperlmental adsorptlon studies ulth “model’ 

adsorbents have been conducted. the number of laboratory studres 

nt stlgatlng the uptake of tract metals by natural aauatlc sedlmtnts 1s 
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rclatlvcly small. The rCSUltf of these adSOrptlon txperlmefltS of trace 

IlWtals partitlonlng measurements made In natural aauatlc systems are 

gcnctaily quiintlfled In terms of rclatlvely simple emplrlcal expresstons, 

Including genera? exchange tqulllbrlun expreSSlonS (LangmuIr 1981) and 

adsorption Isotherms (Oakley et al - -* 1981) of the Freunallch or Langmutr 

tyrle. 

The data from a typlcal metal adsorption Isotherm run at speclfled 

envlronmental condltlons, when plotted as the adsorption density versus 

eqolllbrtum dlssolvtd metal concentration, generally can Se fit to a 

freundllch or Langtnulr Isotherm (figure 3.4). The freundllch Isotherm Is 

an emolrlcal equation havlng the general form 

r a Kf (MJ1’n (3.9) 

where KF and n are flttlng constants, The Langmulr equa:!on has a more 

theoretqcal base and may be deduced from e!tJer ktnetlc or tnermodyndmtc 

Conslderatjons (Weber 1972). The Ldngmulr equdtlon assumes :.?dt ndxlmum 

adsorption denslty corresponds to a saturated monolayer surface covertng of 

adsorbate, that the energy of adsorptlon 1s constant regardless of ddsor3:!on 

dens1 ty, and that there !s no mlgratlon of adsorbate In the surface 3Iane. 

AS shown In figure 3.4 the Langmulr equation can be expressed 

where f = Socclflc adsorptlon density of the metal [,voles Ye/mg 
Adsorbent ] ( ‘gamna*) , 

fm = Hdxlmum adsorptlon density In formlng a cotnolete monolayer 
(Moleshg] (l.c., number of usable surface sites per unit 
mass.of solld), and 

[NJ l Ewlllbrlum dtssolved metal concentration (Moles/P]. 

The constant rm/Ka, uhlch normally 1s urlt’;?n l/b In the Langmulr 

l Wat~On, 1s shorn In this manner becausl ..a -an be thought of as a 
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ISOTHERM FOR METAL AOSORPTION ON A SURFACE 
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condltlonal adsorgtlon cqulllbrlum constant (t/mg) for a surface-metal 

comolcxdtton rcactlon of the form: 

II, !s termed a condltqonal equlllbrtum constant because Its value 'In 

only a constant for speclfled surface and bulk solutlon chemfcal 

condttlons. 

It !s convcnlent to express the Langmutr ddsorptlon Isotherm equation 

In the above form because. due to IOU metal adsorptlon densltles ln 

natural systems, adsorption 1s often linear with respect to dlssolvcd 

metal conctnttatlon. Then, since rm/Ka >> [Ml, Equation 3.10 

reduces to 

(3.11) 

where [M-S] s Concentration of metal !n metal-surfdce cmpiex 

(mole/l} and 

s-r I Total concentration of lnteractjng (adsorbjng) solids 

(wt). 

Convertlng the Langmult nomenclature to the toxlcant modtllng 

nomenclature of Section 2.5 (Table 2.1). 1 t can be recogn!rcd that Ka 

Is the same as w (Wfq), [M] (molt/l) corresponds to Cd (q/I), 

[M-S] (mole/l) corresponds to Cp (ug/l), ST Is m (mg/l), and 

f (molt/mg) corresponds to r (ug/mg). Thus, Equation 3.11 can be 
urltten: 

r 8 5 
TS - 

Cd qr (3.12) 

Tht dlstrlbutlon of metal between dissolved and solId phase can therefore 

be dttermlntd by sptclfylng the partttlon cotfflclent and the 

concentration of lnteractlng solIds. 
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It should be empnaslztd that the value of the partltlon cotfflctent 

for a glvtn metal 1s dependent on a number of envlronmtntal condltlons 

such as QH, PC, tonic strength. concentration of comgltxlng organic and 

lnorganlc llgands. concentration of compttlng surfaces, and conctnt:atlon 

of comoetlng adsorbate specter. The use of w Is, therefore, llmlted to 

condltlons very slmllar to those for uhlch It uas determlntd. If a ulde 

range of envlronmtntal condltlonr are encountered, then T must be 

quantlfltd (elthtr txptrlmtntally or theoretlcally) for the condltlons of 

Interest In order to accurately compute the solublt/sol!d phase metal 

dlrtrlbutjon. This point became aDparent during the model apgllcatlon to 

tht flint Rlvtr systtm. 

The partltlon cotfflcltnt mlght be adjusted as a function of 

tnvlronmtntal factors, as dtrcrlbtd btlou: 

1) Metal adrorptlon Is hlghly deotndent on the type and relative amount 
of each solld phase maklng up the solldi In an apuatlc system. 
Oakley et al. (1981) demonstrated this pordulatt us!ng bentan!:e 
clay. amorpnous Iron oxldt, hydrous manganese oxldt, and numlc acid. 
Stdlmtnt organic content can be highly correlated ulth metal 
partltlonlng for those mttalr. such as copper, that have a high 
afflnlty for humlc acids (Oakley et al. 1981; Ramamoorth and Qus: 
1978: Suzuki et al. 1979). 

2) Metal partltlon cotfflcltntr depend on the slzc dlstrlbutlon and 
concentration of adsorblng aquatlc StdlmtntS. It IS obvious tbdt 
smaller partlclts would have a larger surface area-to-mass ratlo. 
thus having a hlghtr capacity for the metal (Tada and Suzuki 1982). 
It Is not obvlous uhy a hlghtr rollds concentration g!vts a lower 
calculated partltlon cotfflcltnt, although It has been observed In a 
nuf&tr of studlts on both metals and organlcs (O'Connor and Connolly 
1980; DlToro et al. 1982). 

3) Of course. pH and other wttr chtmlstry paramtttrs (particularly the 
presences and concenttatlon of mttal-comglexlng and adtorblng 
llgands) ~111 affect partltlon cotfflcltnts. Many of the same 
observations made on %odtl' systems In controlled laboratory studies 
have been observed In studtes of natural aquatlc stdlmtnts. (Cdrdlner 
1974; Huang et al., 1977; Vuceta and Morgan 1978; Tada and Suzuki 
1982; Brown 1979). 
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An dlterndtlvt to adjusting metals partltlon!ng as a function of 

tnvlronmtnta? condltlonr based on theory and ldboratory exptrlmtntatton 

would be to emplrlcalty derive correlations from extenslvt field data. 

By measuring partltlon cotfflclents for a range of water quality In a 

given system or by revleulng partltlon cotfflclent data from many 

dlffertnt river systems, a multiple regresslon might be found for a g!ven 

metal partltlon cotfflcltnt versus such Important uater quality 

parameters as ttmptraturt, pH, hardness, alkalln!ty, suspended sollds, 

dlssolvtd organic carbon, and chlorophyll Q. Attachment 1 contains a 

sumMry of data retrltval of fltld measurements of metals partltlon 

cotfflcltnts 4th ptrtlntnt uater qualtty parameters. Flgurt 3.5 

sufmnarlrtr the regressIon results for the maJor metals for data obtalned 

from streams. These data art useful for trttmatlng metal partltlon 

cotffic?ents for sptclflc rlvtr systems where actual field data are not 

avallablt. 

3.2.2 Orqanlcs Partitlonlnq 

Most organic contaminants of concern tend to be.relatlvtly 

hydrophobic, non-polar compounds. Such organic compounds tend to have 

strong aff!nlty for natural aquatlc particulate material, maklng 

solutlon/sedlmtnt dlstrlbutlon of these chemicals as Imoortant In 

predlctlng their fate and transport as lt Is for heavy metals. 

The sorption of hydrophobic organlcs Is consldertd by most 

researchers to be a true equll!brlum psrtltlonlng betuetn the uater and 

sedlmtnts. The llnearlty of sorption Isotherms In dllutt redlmtnt/uattr 

systems and the lack of compttltlvt effects between two sorbates have led 

to the proposltlon that partltlonIng to sedlmtnt organic matter Is the 

primary mtchanlsm of sorption of nonlonlc organic compounds (Chlou et al. 

1982). This btlng the case, much emphasis on the characttrlratIon of 

this sorption process has been focused on the propertles of the chtmlcalr 
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related to thtlr solublllty and hydtophoblclty and on the size and 

organic content of the sarbtntr. 

Data ttlatlng the chtmlcal conccntratlon !n the aqueous phase to that 

In the solId phase arc frequently expressed In terms of the frcundllch or 

Langmulr Isotherms prcvtously dtscrlbcd (Euuatlons 3.9 and 3.10). For 

typlcal envlronmental pollutant COnctntfatlOnS, sorption lsothtrms In t3e 

sedlmcnt/uater suspension are very close to llnear and both Freundl!ch 

and Langmulr equations can be reduced to: 

r l fC 

d 
(3.13) 

where r = chemtcal concentration In solld phase (ug/mg) 

5 = chemical concentration In aqueous phase (ug/t) 

1 l partltlon cocfflclent (Umg) 

The predlctlon of w for a given cherntcal/susoenston system has 

relied on corrclatlons with chemical solubl-ltty. octanol/rater oar::tlon 

coefflclents (Ko,), and the organic carbon/water par:lt?on coeiftc:ent 

(Koc), couoled ulth the organic carbon content (weight fraction) of :5e 

sed lments . In general, the more Insoluble and hydroohoblc a chemical I5 

the more likely It 1s to have a larger V. Ltkerlst, In comoar Ing 

sorption of a given chtmlcal among vdrtous redlments, the sed:ment *rlt? 

the highest organic content Is ltkely to sorb the most chemical and 

product the largest g. 

In quanttfylng the above relatlonshlDs the ftrst useful corteiatlon 

Is between the octanolhatcr partltlon coefflclent and t3e chemtcai’s 

aqueous solublllty. This world was glonetrtd by gharmacologlcal Interests 

In the oartltlonlng of drugs Into the aqueous and fatty phases of llvlng 

tissues (Hansch et al. 1968). More recently correlations have been 

developed for organic chemicals of environmental Interest In aquatic 

systems f Freed et al. 1977; Chlou et al. 1971; Banerjee et al. 1980; 

Mackay t al. 1980). 
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CIvcn elthtr the aqueous solublllty (5) or the octanol/uater 

partltlon coefflclent (Row) of a comgound, a cotrtlatlon can be 

develootd bttuetn T and 5 or Kou for a range of chemicals. More 

often than not, houever, rtCtnt tXDtrlmtnta1 Inttrprttatlons have 

Included several stdlments with a range of organic carSon content. Then, 

by dlvldjng the measured partltlon coefflclent (Kp) by the organtc 

carbon uelght fraction of the parttcular sedlmtnt (O.C.), a sediment- 

jndeptndent partltlon cotfflclent (Koc) betueen the aqueous phase ana 

the organic portlon of the sedlmtnts may be obtained. 

K oc I KJ0.C. (3.14) 

Table 3.2 contains a surrmary of emolrlcal correlatlons for predlct!ng 

sediment Dartltlonlng and blolog!cal partltlonlng (&loconcentratlon 

factors) of nonPolar organic compounds. 

Care must be taken In aootytng the above (or other) emolr’cd’ 

corrclatlons to unstudied systems. Uhlle these corrclatlons u?ll 

probably g!ve reasonable estimates for aDD1Icatlon to a WLA problem, 

there are a number of pottntlal pltfallS that should be cons!ae*ed. Some 

of these consldtratlons are dIscussed below: 

1. These relatlonshlps are all log-log cotrelatIons; therefore, what may 

seem llkt a small devlatlon from the rtgresslon ltne could produce a 

rather large error In f!nal fate and transport determlnatlons. 

2. These relatIonships are useful only for nonpolar comoounds; they 

sould not be arwl!ed to semIpolar or polar organic comoounds. where 

electrostatic !nteractlons may become slgnlflcant (Pavlou, 1980; 

Leenheer, 19SO). 
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TABL[ 3.2. CORRLLAlIONS BLlWttN KDC OR IIf AND AQUCOUS SOLUBIlllY (S) 
OR OClANOL/WAltR PAUlIlION COCCfICIENi (Kw) REPORTED 111 
RtCtNI LITLRATUR~ 

- 
fmplrkrl Equat ton 

- 

(4 log 8‘ - O.S42 log K, 6 0.124 (n-8; r2d.D99) 

(a) tog Df = 3.41 - O.SOB log 5 (n-1; r2-0.930) 

b) log Bf I 0.85 log K, - 0.70 (nmS9; r2h0.D91) 

log K, I log K, - 0.311 (r2-0.980) 

log I(,, I 4.21? - 0.686 log 5 ( g/d) (G-0.933) 

109 Ko, - 1.00 log Kou - 0.21 (n=lO; r2=1.00) 

log K,, = 0.44 - 0.54 log 5 (mole frrctton) (n-10; r2-0.94) 

109 K,, . 0.72 log K,, = 0.49 (r24.95) 

(c) ‘og K; a 0.72 log Kk 6 log foec. 6 0.49 

------- 

Reference 

Ntcly, & a&, 1974 

Chlou, & a&, l97l 

Vetth, et al.. 1919 

Hems, et al.. 1982 

Means, eA a)., 1982 

Krrlckhoff, et a).. 1919 

Kartckhoff, et a!.. 1919 

Schuarrenbach and Wertrll, 1981 

Schuarzenbach and Westall, 1981 

(a) 6f = bloconcentrrt\on factor tn trout 

(b) Bf ; btoconcentr&:ton factor tn fatherd rlnnous, rrtnbou trout, blucglllr 

(c) $ = partition coefficient for & particular nonpolqr molecule; foe = oqbni 

Note that fish bioconcentrdtion (given by 6f) is very Slow c(Wdred 
to particulate adsorption (given by K,,). 
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3. The water ChemlStry of the aquatic system (ln addltlon to tflc rater 

concentration of the compound of Interest) can alter the emglr(cally 

pred!cted partltton coeff~clcnt. For examglt, If the compound 

Interacts by surface adsorption or !on exchange, then solution 

properties such as QH, lonlc strength, and temperature ujll affect 

uptake on solids (Hollander et al. 1980). EVerI ul th hydrOphOblc 
compounds the presence of other dissolved organic matter has been 

shown to reduce sorption by river and sewage part?culate matter 

(Hdssett and Anderson 1982). 

4. Ptoptrtlts of the rtdlmcnts other than their orgdnlc carbon content 

may Influence sorption. Hlratruml et al. (1979) found a good 

correlation between partltlon coefflclents of PC8 and the sgeclflc 

surface area of adsorblng marine partlculates’. Of course, the 

concentration of adsorbing solids has been observed to affect 

part?t'lon cotfflclents for organlcs as well as metals (O'Connor and 

Connolly 1980). 

5. finally, the questton of klnetlcs and hysteresis arjses ln all 

adsorptlon-dtsorptlon problems. Karlckhoff (1980) has found that the 

klnttlcs of approach to equlllbrlum !n sedlmcnt tuspenslons (either 

during ddSOfDtlOn or desorptjon) could be characterfred Sy a faDId 

component and a much slower component that may require days or reeks 

to reach tqull Ibrlum. A poss!bly related problem hds been observed 

by Olforo and Horttmpa (1982) and OlToro et al. (1982), In that the 

lack of revcrslblllty !n PC8 adsorptlon-desorptlon reactlons could be 

dcscrtbtd by lnvoklng a tuo-component formulatton. Adsorptlon and 

derorptlon drc assumed completely revcrslble for the first comoonent, 

following Equation 3.13. AdsorptIon 1s assumed trrtvtrslble for the 

second component. OlToro et al. (1983) presents the mathernatlcal 

formulatlon for thls model and shows the results of further 

laboratory .*st+ng. The practtcal dlfPcrtnte bttueen modellng ulth 

the classical reverslblt exprcsslon and modellng wlth the 

revcrslble-lrrevers!ble expresslon Is that the former may predict 

higher d?ssolved concentrations, particularly In dynamic models. 
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3.3 TRANSFORHATION PROCESSES 

transformation processes are those In which the toxlcant Is 

essentially Irreversibly destroyed, modlfled, or el!mlnated from the 

system. In most cases these processes a~01y only to organic compounds. 

First-order decay coefflclents for lndlvldual processes are addltlve; 

together they form an aggregate degradation co iflclent: 

Kd l KB l KH + Kp l KY (3.15) 

where Kd = Aggregate dtgradatlon coefflclent ()/day) 

Ka 
a dlolysls cotfflclent (l/day) 

I(H = Hydrolysis coefflclent (l/day) 

I(P 
l Photolysls coefflclent (l/day) 

KY 
8 Volattlttatlon coefflclent (l/day) 

SOme models also dlstlngulsh non-blologlcal oxldatlon, Ko, separately. 

although this process Is not Important for most organlcs. 

In models ulth simple first-order klnetlc structures (such as 

MICHRIV), the analyst tither enters the aggregate Kd or enter', the 

Indlvldual process coefflclents K 
0’ K,,, Kp, and Kv. In models 

ulth more elaborate klnetlc routines (such as EXAMS). each Ind' dual 

first-order coeff!clent (K8' etc.) ts internally calculated as f 

function of several other parameters uhlch the analyst must enter. 

3.3.1 glodeqradatlon 

81ologlcal transformdtlons (blolysls) aft enzyme medlaten reac.lons 

usually performed during metabolic dcttvtty, prlmarlly by ba,terla and 

fyngl. The catalyzed transformations include oxldatlon, reduction, and 

hydrolysis. The rates of bIologIcally medlated transfortnatlons c..;1 be 

very rapid in compFr!son to chemical transformations that lack enzymatic 

catalysts. It 1s prtc!sely because of these accelerated rat?: that the 

blograt L!OII of organic contaminants 1s often the most lmporLant 

transformation loss process In aquatic ecosystems. 
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ConceDtudlly. blodegradatlon should not be thought of as a single 

step process. Rather, It !s a multi-Step proceSs Mere Intermediate 

Droducts may accumulate. The total converslon of organic substances to 

InorganIc products, jncludlng carbon dloxlde, Is termed mlnerallratlon. 

The process termed btodtgradat~on, however. often Involves only the 

prttlal mctabollsm of an organic. For Instance, detoxlflcatlon of a 

contaminant ntay Involve only the transformation to an Innocuous 

Intermediate compound. 

Process Oescr\Dtlon 

When htterotrophlc mlcrobts degrade organtc compounds, energy and 

carbon are frequently obtalned for growth, thereby accom~llsh~ng 

mctabolIsm. OCCdSlOndlly a COmQOund may be blolog!cally transformed 

ulthout the reSDOnS!ble mfcrobes acou!rlng grouth requirements. 

TypIcally, this process of cometabol!sm ~111 proceed at rtlatjvtly slortr 

rates and ~111 not Impact the dCtlVlty of the dtCOtTIflOSer comnunlty. 

~reuutntly, Uhen an OrganlC contatnlnant Is first introduced to an 

aqudtlc COmunlty an accT!matlon period Is observed when the mlcroblal 

comwlty must adapt Itself to the chemical. Th!s accllmdtlon per?od 1s 

most often termed d lag Dhase. The lag phase Is marked by enzyme 

Inductton, selected pooulatlon Increases, and a Drogrcss!ve increase Yn 

the rate of observed btodegradatlon. Once the microbes have become 

acclfmated to an organic pollutant, the rate of speclflc decay becomes of 

tnttrest. 

There are three Drlmary factors that determine the extent and rate of 

bIologIca decay of an organic In a natural system. These are: 1) the 

Droptrtltr of the organic contaminant, Including Its structure, 

concentration, and htstory ulthln lts envlronmtnt; 2) the characterlstlcs 

of the acttng iTI4CrOb!dl comnunlty, such as corrmunlty dlverslty, slrc and 

general health; and 3) the status of the r-•tlronment In terms of 

temperature, the Dresence of addlt?onal olganlcs or supportlng growth 
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requirements and. especially. the dissolved oxygen status; 

ulthln the framework of a model desIgned to descrqbe the fate of an 

organic contaminant, lt 1s necessary to formulate and define a klnetlc 

exprtsslon of blodegradatton. This task Is made dlfflcult because of the 

great complexity of factors Inherent In a natural system. Contemporary 

fate models have slmpllfled this task by representlng the loss or decay 

of an organic by flrst-order klnetlcs or In some cases second-order 

kinetics. 

flrrt-order klnetlc reptestntatlon In the WLA model Is descrtbed as: 

dC 
n 

l -k,C (3.16) 

-1 
where 

kl 
9 First-order blodegradatlon rate constant (-ttme ) 

C I Concentration of an organ!c contamjnant (mass/volume: 

The concentration. C. susceot?ble to decay may be the dlsso?ved 

f ractlon. Therefore, If d contaminant partltIons onto solids, the 

respective particulate and dissolved fractions must be quantlfled. Th 1 s 

expresston describes the loss of an organic due to blologlcal actlvlty 

and 1s dnalogous to expresslons commonly used for the decay of 600. 

Larson (1981)) among others, has show that first-order klnetlcs 

represent the decay of organlcs reasonably well at bdcterta 

concentrations evident ln many environmental sttuatlons. 

In many respects reprtsentatlon of second-order klnetlcs 

slmpltflcatlon of a mod 

rtprtstnted as: 

lfled Monod expresston (Parls et a I . 

Is a 

1981), 

dC 
n 8 -k2C8 (3.17) 

where 6 8 Magnltudt of bacttrla (count or blomass/volumt) and 

k2 l Stcond-order blodtgradatlon rate constant 

(volume/erg;* sn. time). 

69 



The decay of a contaminant 1s seen as not only a function of tts 

conctntratton, ds IS the cast in f!fSt-ordtr klnettcs, but dlS0 a function 

of the bdcterld populdtlOn. However. bactcrla count has not always proven a 

rtllablt lndjcator of bactcrla actlvlty. eSIIeCblly In regard to a sptclflc 

contamtnant organic. This development In blodtgradatlon process 

rcprestntatlor has been offered by many models (e.g., EXAMS) as a way of 

Increasing the appllcatlon of a single, contaminant-speclfrc decay rate to d 

ulde variety of envlronmcnts. Slnct blodtgradat!on 1s rtcogntrtd as being 

Influenced by amb!ent temperature, process represcntatlon can Include a 

function relating the blodegtadatlon fdtt to the ttmDcraturc reglmt. The 

analyst may dtrlve a temperature spcclflc rdtt by maklng use of an Arrhtnlus 

function such as: 

'T B '20 ' 
(f-20) (3.18) 

where K, s Ttmoeraturt soeclflc b!olys!s rate. 

K2Q 
s Exwcttd rate at 20' ccntlgrdde. 

T 8 Characttrfstlc temperature, and 

8 s Temperature corrtctlon factor. 

Theta (e) !s frequently bttreen I.04 and 1.095. 

Rate Selectton 

In nearly every clrcumstanct the stlectlon of an aoproprldtt decay 

rate Is constralned by lnCOfT@lttt InformatIon regarding the contamtnant 

or tne system of Interest. Horcver, tfltrt art a number of aoproaches and 

relevant conslderatlons to gutdc prudent ctlectlon of a regresentatlve 

decay ra tt . Inherent In this selection process Is the rtallzat?on that 

no rate Is acwllcable to all condltlons for a speclflc contaminant. 

Instead a range of cstlmatcs ulll mare likely emerge that ulll Impart to 

the analysis a range of output. The Importance of this range may be 

tstabllshtd by a scnsltlvlty analysis, whereby vartablllty In model 

output Is compared to Incremental changes In the decay rate over ttlc 

range of expected values. 
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A list of relevant conslderatlons or awroachts to tstlmatlng a decay 

rate Is offered below. Although a ranklng of these conslderatlons by 

order of Importance could only be made on a problem sptclflc basis. 

awareness of an overall ranktng Is evident In the prtstntatlon. 

A. Proptrttts of Contaminant 

A thorough llttrature survey of the proptrttts of the organ!c 

contaminant of Interest should logically be an lnltldl step. 

Previously reported data relat!ng decay rates for the organic In the 

laboratory or the field would be an Important step ln dtflnlng a 

probable range of decay rates. For each of the organic prlorlty 

pollutants Habey et al. (19e2) have tstltnated the general 

susctptlblllty to biodtgradatlon. Deflnltlon of llktly me:abo:lc 

pathways may also be helpful In several regards. Aerobic pathways 

ulll generally be more rapid and complete than dnatroblc patbays. 

Also, the loss rate of one chemical may not be Indlcdt~ve of changes 

In toxlclty, If Intcrmtdlates form that art toxic and possess 

dlffertnt decay characterlstlcs. Therefore, the analyst would wan: 

lnformatlon regrrdlng the toxlclty and blodegradabll!ty of probable 

Inttrmedldtes. In casts uhtrt the knowledge of an organic 1s very 

sparse, lt may be necessary to comwre the structure and ~hyslcal 

characttrlstlcs of the organic of !nttrtst to d host of better know! 

contaminants. When approached In great dttall, t?ls procedure 1s 

called structure acttvlty analysts. 

0. System Examlnatlon 

Inforfnatlon rtgardlng the trophlc level and pollutlon level of the 

target system may assist In deftnlng the tXptCttd decay rate. More 

highly Impacted waters have demonstrated shorter lag phases and 

greater decay rates of organlcs (SpaIn et a? 1981, Rodgers and - -* 
Sallsbury 1981). Prtvlously reported f';ld data may, to varying 

degrees, yltld insight Into the sp-:, al and tlmt dlstrlbutlon of the 
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C. 

0. 

organic, as uell as Important tnvlronmental factors (temperature 

rtglmc. volume and flou). If avaIlable In sufflcltnt quantity and 

qudllty, this lnformatlon may allou the user to 'callbratt' a 

b4odegradatlon decay rate by accounting for other components of a 

mass bdldnCt and then SOlvlng for the magnitude of the b!olysls term. 

ExperImental Program 

Laboratory measurtment of decay rates may be necessary In tvalua:lng 

decay rater for organlcs for uhlch no InformatIon 1s avallablt. 

Methods for mcasurlng decay rates have been demonstrated for both 

batch (Parls et al. 1981) and continuous cultures or by use of 

microcosms (Clddlngs et a?. 1979). In site sptclflc appllcatlons 1: 

1s the practice to use the natural waters as the test mtd!a. 

Sterllltatlon of the uattr before lntroductlon of the test orqanrc 

serves as a control. The batch cultures yltld a decay rate Sy 

plotting the log concentration of organic vs. time, wh!le cantlnuous 

cultures can yltld a decay rate vld d mass Ddldnct apDroacn 5?nce 

other sources and sinks can be controlled and thereby qudntlfled. 

Should a second-order formulation be Invoked, rtlatlng the rate t3 

both the pollutant conctntratlon and the mlcroblal pooulatlon. then 

the magnitude of the mIcrobId populdtlon must be assessed. 

Fltld Program 

The Waste Load Allocatlon process may Involve a field program. To 

asstst In the accurate tvaludtton of a blodtgradatlon rate, the 

measured parameters should Include both total and soluble 

concentrations of the pollutant of Interest, sol!ds concentration, 

dissolved oxygen, C800, flou, temperature. and basic physIca 

dlmenstons. Basic InformatIon regarding the biology of the systtm Is 

deslrablt, esrltctally bacttrta counts and tdentlflcatlon of toxic 

condltlons uhlch mlg,r l?flutnct bacttrlal actlvtty. Th. spattal and 

temporal scale of samgl!ng ulll Impact the callbratton dnd accuracy 
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of tht blodtgradatlon term, as vtll as all other klnttlc processes. 

Data upstream and downstream of all maJor loads art Important. The 

frequency of sampling should reflect the rtlatlvt dynamtc nature of 

the systtm In terms of hydraulic rcsldtncc (flow regime) and the 

major forc'lng functions (temperature. loading, light, etc.). Some 

attempt to reflect the seasonal varlatlon In forcing functions may be 

tsptclally helpful. 

3.3.2 PhotolYsls 

Some substances that absorb sunllght In the ultravIolet and vjslblt 

portion of the spectrum may gain sufflcltnt energy to Inttlatt a chtmlcal 

react ton. Some of these photochtmlcal rtactlons result In the 

dtcomposltlon or ttansformatlon of the substance. fh!s process, 

photolysls, can dttermlnt the fate of ctrtaln pollutants In the aauatlc 

tnvl ronmtnt. ttpp (1980) provtdts a more complete dlscusslon of this 

process. 

Process Theory 

A sumMry-of the theory Involving the tranrformatlon of organlcs vta 

photolysls 1s outllntd from Mtlls et al. (1982). The basic 

characttrlstlcs of photolysts art as follows: 

l Phototysls 1s an lrtevtrslblt decay process activated by the 
energy of the sun. 

l Molecules uhlch absorb sunlight ln the ultravloltt and vlslblt 
portions of the spectrum gain ruff!c!ent energy to Inltlate 
chtmlcal rtactlons. 

l Products of photochtralcal decompoottlon may rtmaln toxic; 
thtrtfort, decomposltlon dots not ntctssarlly Imply dttoxjflcatlon 
of the tnvironmtnt. 

l fht photolysls rate d*:otnds on several chemical and tnvlronmtntal 
facto:s. 
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The chtmlcal and cnvlronmcnta~ factors controlllng the rate are as 

follous: 

A. Abrorptlon Socctrum of the Pollutant: 

The ptobabll!ty of a photon bclng absorbed vdries wtth wavelength of 

11ght !n a manner unique to every chemical species. To change a 

molecule’s structure, the absorbed photon must be sufflclently energetic; 
generally, radlatlon ulth wavelengths In the vlslble or ultaviolet range, 

or shorter, has sufflclent energy. Conseauently, the pollutant's 

vls!ble/ultravlolet absotDt~on spectrum Is most Important. 

8. Solar Radletlon: 

Radiant energy from the sun depends on the composltlon of the 

atmosDhere (cloud cover) and geograohlc locatIon. 

C. Light Atttnuatlon: 

Light Intensity reduces ulth depth In water column, due to reflection 

(< 10% reduction plus slight change In the spectrum) and absorstton and 
scattering. Absorptton Is determined by Lambert’s ?JU: 

d1 
dt* ICI 

where I = Irradlance 

I( S Diffuse light attenuation coefflclent. given by: 

I( = aO*S 
b 

(3.19) 

(3.20) 

bfhcr e a I Abrotptjon term 

0 = Rddldnce dlstrlbut?on function 

‘b = 8dCkwdrd scattering of light 
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The value of K (diffuse light attenuation CunC:lOn) depends On 

Vdrldtlons In amounts and types of partlculates and dtssolved substances, 

l.c., suspended sol!ds, chlorophyll Q, dissolved carbon. The value of 0. 

whtch represents variable light path lengths, IS 1.2 UhCrC SCatter\ng 15 

Ignored. Average value for natural wdterS Is 1 .6 as reported by ,!441 ller 

dnd ZCOP (1979). 

An emglrlcal relatlonshlg developed by Burns et al. (1981) eqab'es 

the attenuation coeffjclent to be es tltnated based on sys:e(?r statas : 

I( = 0 (Au l Aathld l AdocOOt* AssSS) (3.21) 

where K s Olffuse light dttcnuatlon coeffkjent 

A" 
. Abtorptlvlty of water, (m”) 

A I a 
Ahsorptlvlty of chloroohyll a_ Dlgmeflt. (mg/l) -'(n-l) 

A -1 +:, 
dOC 

a Absorptlvlty of dissolved orqdnjc cmon, (mW) \ I 
-1 

A -: I 

c;;d 

= Absorptivity of susDendea sed:ments, IV/l) IT / 
a Concentration of Chlorophyll-a Pigment. (mg/i) 

ooc a Concentration of dtssolved organic carbon. (mg/k) and 

53 a Concentration of suspended rollds, (~~g/~) 

Mrlls et al. (1982) tabulate the vdlues of Au, Aa, Adoc, and As5 

for different uavelengtPs. 

0. Quantum yield: 

Not every absorbed photon !nduces a chem!cal react!on. The fract:on 

of adsorbed photons resultTrIg In the desired reactlon 1s termed quantum 

yield, 0. 

0 = 
moles of given species formed or destroyed 

moles of photon absorbed 
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EnvIronmental factors affecting quantum yield Include: 

d) moleculdr oxygen -- 6s d uuenchlng agent. 

b) suspended solids -- change redctlvlty of compounds adsorbed 

(usually neqllglble). 

cl Che!TtlCdl SpeCldtlOn -- photolysls rates may vdry ulth pH, 

cspecldlly ImOOrtdnt when pr(d ts 7 2 2. 

d) temperature effect -- until further research I 

dSSuItWd to be negl !glble. 

S completed thlr Is 

Type of phOtOChefIBlCdl reactlon affects quantum y!e Id. Ouantum ylelas 

vary over several orders of maqn1tude depending on the nature of the 

molecule uhlch absorbs light and the nature of the reactlons It 

undergoes. Two major classes of photochemlcal reactlons of interest In 

the dqudtlc environment are ‘direct’ and 'sensltlzed' photolyslr. 

Olrect photolysls occurs when the redcflnq molecule dlrec:ly absorbs 

llqht. Vdrlous reactions cdn occur: fragmentation, reduc:lon, 

OXlddtlOn, hydrolysis, aCld-bdSe reactlon, addltlon, substltutlon, 

lsomerlrdtlon, polymerltatlon. Quantum yield data obtained from 

experlmentdtton can assist the WLA analyst In determlnlng whether or got 

to Include direct photolysls In the andtysls. 

Sensltlred (IndIrect) photodegradatlon occurs mhen a light-aOsor3!ng 

molecule transfers its excess energy to an acceptor molecule causing t!Ie 

dcceotor to react as lf It had absorbed the rddldnt energy directly. 

natural humlc dclds (and synthetic organic compounds) can mediate such 

redctlons, for exdmole. 

Rate Estlmdtlon 

Photolysls follows a psuedo-first-order reactton: 

(3.22) 
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where I(. 
D 

8 Rate constant m K l K 

d s 
(Tlma"). 

‘d 
. Olrect photolysts ratt, and 

KS 
. Sensltlred photolysls rati. 

One practical means of obtalnlng the approorlate photolysis rate Is 

to use expertmental data from lttcrature and extrapolate to the spectflc 

site ln questlon. There are two methods reviewed below for using 

environmental data to ca\culdtc the expected photolysts rate. 

One method Involves extrapolating nedr surface rate data to a 

speclflc stte (Mills et al. 1982): 

‘d n 

Kdo + 1 1 - l - ‘(‘*). ’ 

0 O 0 
K(X*)- Z (3.23) 

uhere K 
d 

= Olrect photolysls rate constant (day-‘), 

KdO 
= Near surface rate constant (measured) (day-'), 

I 8 Total SOldr tddldtlon (ldngleyS-day-‘), 

*0 
8 Total solar radlatlon under condttlons 

dt wh!ch Kdo uds measured (lanqleys*day-l), 

0 = Radtdnce dlstrlbutlon function, 

OO 
I Radldnce dlstrlbutlon near surface (auproxlmate 

VdlU, l 1.2). 

K( x.1 = Llght attenudtlon coefftctent CdlCUldted from Equat!on 

3.20 for A*, the udvelength (nm) of maxlmum light 

rdsorptlon, and 
Z 8 Depth of uatcr In meters. 

The second method !nvolves evaluating the rate constant Integrals. 

If certain ddtd are dvdildble for a substance (l.c., dbSOrptlOn spectrum 

c(X) or a,(X). and the quantum yields, ed or 0,). It Is 

possible to estimate the photolysls rate for a speclflc site from the 

folloulng (Mills et al. 1982): 

‘d = 2.3 l j l od* 0 l fc . MS’ 1 - e” ’ (3.23) 
K l z 
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uhcre 1 = uavtlcngth lntervdl Index, 

Id I Photon Irradlanco near surface (photons cm 
-2 -1 

see nm ). 

W’ mu l &X 

J= - Convcrrlon factor 8 1.43 x 10 -" (mole cm3 see 1-l 

dry-’ ) 

c s Base 10 molar cxtlnctlon coefflctent (Omol 
-1 -1 

cm of toxlcant 

4 . Olsappearance quantum yield, 

R = Olffuse Ilght attcnuatlon near surface (m 
-1 

), 

z = Mlxed udter death (m) and, 
-1 

a l 8dse e absorption coefflclent of the sensltlter (mg cm) . 

For toxlcants for vhlch photolysls may be slgnlflcant, nabey et al. 

(1942) provides data on absorption spectrum and quantum ylcld. 

3.3.3 Hvdrolysls 

Ceftaln organic compounds may be chemtcally transformed by alrtct 

reactlon w1 th water. This occurrence In an aquatlc system 1s terrned 

hydrolysis. A hydrolysis reactlon may either be actb, neutral or 5ase 

dependent. Essentially. this means that the concentrat!on OF hydrogen 

and hydroxide Ions, and therefore pH, 1s often an Important factor I:, 

assessing the rate of a hydrolysis reactlon. 

Products of hydrolyfls may be tlthtr more or less toxfc than the 

origlnal compound. For this reason one should be aware of the probable 

products of transformation processes. In addltton, transformation via 

hydrolysis ulll ltkely alter other characttrlstlcs of the chemical 

lncludlng Its susceptablllty to other transformation processes. 

Process Rt~rtstntatlon 

In a natural system hydrolysis may be tither mlcroblally medlattd or 

be dblotlc and dependent only upon the status of the water. Hlcroblal 

lftfluenct Is covered In Sectlon 3.3.1; consequently only direct, ablotlc 

hydrolysis wl ; bt txamtntd here. 
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Ablottc hydrolysis Is normally represented by a first order reactlon 

whtch ln Its most slmollfled form Is: 

45 
- - K”C (3.25) 

where C s Concentration of an organic (Mass/volume) and, 

K,, l Speclflc first-order hydrolysis rate constant (Time 
-1 ). 

In the scltntlflc llteraturt K,, 1s typlcally reDresented as: 

KH - kn l ka [If*] l kb (OH-] (3.26) 

where kn = Neutral hydrolysis rate constarlt (Tlmc-') , 

‘a s The acid catalyzed hydrolysis rate constant (Molar -' Time-'1, 

kb l The base catalyzed hydrolysis rate constant (,qo:ar 
-1 -1 

time ). 

WI w HOldr concentration of hydrogen lons and, 

[OH-) = Molar concentration of hydroxide Ions. 

This reprtsentatlon conveys the strong ptl dependence often observed 

In hydrolysis reactions and 1s a convtnlent method of representlng 

dttalltd laboratory results. 

The adsorptton of an organtc onto sollds often removes the 

particulate fraction from hydrolysis reactlons. Therefore, the 

hydrolysis rates In Equation 3.25 and 3.26 art only applied to the 

soluble fraction of the toxlcant. If the model btlng emoloytd dots not 

dlsctrn between dissolved and Dartlculate phases, then the observed 

pdrtttlonlnq should be used In adjurtlnq the magnitude of the rate 

constant. 

Rate Selection 

A qrtat deal of data has been reported In the chtmlcal llteraturt 

rtqardlng the observed hydrolysis of chfml-31s ln dlst~lltd water. 

Natural waters, houtvtr, COntaln OrqaniCS and metals uhlch may catalyze 

and accelerate hydrolysjs. COnStUutntly, the query uhlch consistently 
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emerges is, how applicable art dlstllltd water rates to fteld 

condl ttons? Research deslqned to ansuer this question has been reDortetj 

ulthln the last several years (e.g., Ztgp et al. 1975). The aDDroach has 

been to use fltld samples and to remove as many comoetlnq processes as 

posstble. For l xamgle, dark condltlons uert used to tllmlnate Dhotolysls 

and ultra-flltratlon to remove the bloloqlcal comnunlty, thereby 

tllmlnatlnq btolysls. 

Soeclflc hydrolysls coefflclents for many orqanjcs or classes of 

compounds are reported In the proftrslonal, governmental, and Industrial 

publlcatlons. Recent sources Include Wolfe (1980). naBey and Ml11 

(1978). and Mabey et al. (1982). These coefflcttnts should qlvt t>e Gser 

a range of values from uhlch to calttrate the model or to guldt a 

stnsltlvlty analysis. Uolfe (1980) also revltued d ttchnjque based on 

linear free energy relatlonshlps (LfER) for tstlmatlnq hydro!ys!s rate 

coefflclents uhen txptrlmental values art not avallable. iihen t5ere ‘s a 

paucity of reported values for a chemical of Interest, other measures ,qay 

be taken to tstlmate a rate. The general formar uould be s!ml:ar to :nd: 

presented for the btolysls rate constant In Stctlon 3.3.1. 

Lastly, In translating llterature values into comouttr model !nput, 

It should be noted that some values art reported as second-order 

coefflcltnts because they art a function of tlthtr tfie nydroqtn or 

hydroxide Ion concentration (as represented In Equation 3.26). !n uslnq 

first-order klnetlc models the analyst must translate these second-order 

values Into pseudo-first-order rate cotfflclents by multlolylnq by the 

awrogrlatc lon concentration. 

3.3.4 Volatlllzatlon 

Volatlllzatlon, loss of toxlcants from the udttr column to the 

atmosphere, 1s customarily treated as an Irrtverslblt decay process, 

because of Its mathematical slmllarltlts to these processes. Actually, 
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however, tt 1, a rtverslblt transfer or tnvlrOnmenta1 partltlon!nq 

process, tn which the concentrations In alr and uater shlft..toward 

tqulllbrlum. The volatlllratlon rate depends on the PropertIes of the 

chtmlcal as uell as the characttrtstlcs of the wttr body and &ssIbly 

the atmosphere. The chemical proDertles favorlnq volatlllratlon are high 

vapor pressure. hlqh dlffuslvlty, and low solublllty. The tnvl ronmenta: 

condltlons favorlnq volatlllzatlon are hlqh surface-to-volume ratlo and 

turbulence. 

The partltlonlnq of pollutant between water and air Is dtscrlbed In 

terms of an alrhattr partltlon coefflcltnt, HE: 

% = Cq(wVCd(w) (3.27) 

where H m Henry's law constant (dimenslonltss, mass/vol. basis), 

= GdS phase COnCentrattOn,at euulllbrlum (mg/I). and 

= OIssolvtd aqueous concentrgtlon at eou!ljbrtum (nrq/P). 

The value of Hc can be dettrmtntd by mcasurlnq Cq and Cd In an 

tuulllbrated system. More commonly, houtver, It 1s calculated from t9e 

toxlcant vaoor pressure (tqulvaltnt to the gaseous concenttatlon In 

l uulllbrlum ulth the pure toxlcant phase) and solublllty (aqueous 

conctntratlon In tqutltbrlum ulth the pure toxtlcant phase): 

Hc = 16.04 PWTS (3.28) 

uhert P = Vaoor pressure (torr), 

M l Molecular utlqht (q/mole), 

T m ftmtraturt (Kg), and 

5 . Solublllty (q/r). 



It should be noted that Hc may be reported ln an assortment of 

wilts of nonequivalent dlmenslonless bases. One useful converslon Is: 

Hc (dlmcnslonless) = Hc (atm - m3/mole)/RT (3.29) 

uhere R I 8.206 x 10 
-5 

atm - m3PK - mole. for the organic prlorlty 

pollutants the values for P, M, and 5 in Equation 3.26 arc provlaea by 

Callahan et al, (1979), and the values of HC provided directly by Mabey 

et al. (1982). for other substances data may be avallablc In Ylllr et 

al. (1982), Perry and Chllton (1973). and Mackay et al. (1962). If vaDor 

pressure data are not auallsble, Mackay et al. (1982) suggests ttrc 

followlng equation for estttxatlng P (tarr) for hydrocarbons ar 

halogenatcd hydrocarbons ulth bolllng point greater than 100’C: 

In (P/760) 8 - (4.4 l In 18) x (1.803 (Te/T - 1) - 0.803 tn (la/r) 

- 6.8 (f&T - 1) 

where: 

T s Amblent temoerature (K) 

TO ' aatnng potnt (I() 
TM = Melting point (I() 

If the melting point tB Is less than the amblent temperature 7, than 

the third term Is ellmlnatcd. 

The net rate of transfer (mg/l - clay) from water to air Is govet3ed 

by the difference betuatn (a) the gross transfer from water to air, 

proOortlona1 to the actual dissolved concentration Cd, and (b) the 

gross transfer from air to mater, proportjonal to the a1r concentrat:on 

c : 
9 

Rate = I(v (Cd - Cg/Hc) , 

where Ky 8 Volatll~zatlon rate coefflclent (l/day). 

(3.30) 
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The term Cg/Hc Is the uattr concentration which uould be In 

l qulllbrlum utth (saturated ulth respect to) the local alr 

conctntratlon. Unlike cornnon gases llkc oxygen, the envlronnmtal 

concentrations of toxlcants, Cd and C /H g c, tyulcally vary over many 

orders of Mgnf tude. Consequently, It Is usually the case that elthcr 

(a) cd ” cg+ and the net Input from the atmosphere Is a 
constant load, essentially Independent of the modeled Cd, or (b) Cd 

>> c /H 
9 c’ 

and the volat4llratlon rate is cssentlally Independent of 

the air conccntratlon: 

Rate - KVCd (3.31) 

Most cornouter models Incorporate fquatlon 3.31 rather than Equation 3.30. 

The rate coefflclent KY (l/day) Is related to the mass transfer 

coefflclent (or velocity), kv (middy) by: 

KY - ky/H (3.32) 

uftere II Is the uater depth (the Inverse of the surface to volume ratlo). 

The ‘tuo film’ theory Is generally app11ed to the calculation of the 

mass transfer coefflclent. fhls theory envlslons dlffuslon resistances 

!n a llqu!d surface film and a gas surface film as controlling the mass 

transfer (Canale and Weber 1972; Llss and Slatcr 1974; F4llls et al. 

1982). Reclgrocals of mass transftr coafflclents are used to represent 

these resistances: 

1 1 1 

kV 

. 
kl 

l 
H 

c Q 

Overall Llquld t t In 6as flln 
rcslstancc resistance teslstance 

(3.33) 

Mere kl = llquld film transfer coefflctent (m/day), and 

k!l 
l gas ftlm transfer coefflclcnt (m/day). 
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It 1s useful to dlrctrn three basic cases. (a) When kI c< 

Hk. then k In tquitlon 3.33 1s tssentlally equal to kl 

(!j&ld phas: controlltd); (b) uhen kl >> H k c g, then kv Is 

l stentlal?y equal to Hckg (gas phase controlled); and (c) Men kl 

and Hckg art of the same Mgnitudt, then both contrlbute 

slgntflcantly to kv. 

As the chemical-to-chemical varlablllty of Hc tends to be greater 

than the sltt-to-site varlablllty of kL and k , the value of the 
9 

Hc tends to be more Important than the anvlronmental condltlons tn 

determining uhether the llquld or gas phase resistance controls the 

vo~rtllltatlon rate. 

@s Phase Reslstanct 

The movement of alr causes a mlxlng of the alr surface fllm uhlch 

results In an Increase In k 
9' 

Because the evaporatton of uater Is 

controlled by k 
9’ 

and because this process has conslderable engtneerlng 

lmgortanct, data are available relating kg (for water vapor) to the 

antblent ulndsgeed. Such data are presented by O'Connor (1980) and 

HydroQual (1982). By lncludlng theoretical effects of dlffuslvlty and 

vlscoslty, they arrive at an expresston aopllcable to any substance: 

kg l 0.001 (Og/Yg) 
0.6! u 

where 0 
9 

l Dlffuslvlty of substance tn alr (cm2/sec). 

vg l Xlnematlc vlscoslty of alr (m 0.15 cm2/sec), and 

Y = Ylnd speed (L/T). 

(3.34) 

As the expresston 1s dlmenslonally correct, consistent units ~111 

result In kg havlng the same units as W. Average u!ndspecds tend to be 

ln the nelghborhood of 5 mlstc. Although transient periods of no utnd 

are co-n ln many localltles, such ptrlods are not long. Consequently, 

use of a steady state condltIon of llttlt or no wind In Equation 3.34 (or 

t.3S) may not product a reallstlc result. 
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Hills et al. (1982), using a slnllat type of data and anrlysls as 

O'Connor (1980) and HydroQurl (1982), suggest the general rtlatlonshlp: 

kg - 170 (la/H)"rw (3.35) 

uhett u 1s In rn/sec. 

Holecular uclght, H. enters the expresston because of Its 

rtlattonshlp to dlffuslvlty. For wttr vapor, Equatjon 3.34 and 3.35 are 

nearly ldcntlcal. S’lncc Dq/vp l 1.6 for wttr vapor tquatlon 3.34 

reduces to k 
9 

= 14OU uhlle Equation 3.35 becomes k I l7UU. Thus, at 

a typical wind speed of 5 mlrec, kg (urter vapor) suld be around 

700.a00 m/day. 

blauid Phase Rtrlrtanct 

In the anvlronrntnt the transfer of oxygen, 1 well rtudltd WO 

parameter, Is alwys controlled by Irl, the llquld transfer 

cotfflcltnt, rather than It 
9' 

the gas transfer cocfflcltnt. 8ccausc 

H k (0 ) >> kt(02), tquatlons 3.32 and 3.33 become: 
c9 2 

kt( 021 m kv(O2) l HRv(O2) (3.36) 

uhtrt Rv(02). In l/day, Is the comonly used teatration cotfflcltnt. 

Consequently, tt Is useful to relate k& (toxlcant) to k,(02), 

through an exprcsslon Involving Ilquld dlffuslvltltr: 

kr( 02) 

;I 
(3.37) 

where n may vary from 0.5, In floulng wters, possibly up to 1.0 !n 

standlng wttrs (Htlls et al. 1982). 

Mills furtbr suggests that 0, 1s Inversely proportIonal to the 

scpmrt root of molecular uelght, and thus, for flowlnq waters: 

I\ ?5 
(3.38) 



Hills notes, houevtr, that In fltld rtudlts urlng radloactlvt tracers 

(Rathbun and la1 1981), such rclationshlps utrt dlfflcult to dtsccrn. 

Rather. tbt volatlllratlon rate could be adequately prtdlcttd by: 

kt(toxicant) m 0.655 kt(O2) (3-39) 

l4abty at al. (1982), using a more compllcattd procedure rclatlng 0, 

to molar volume, has calculated tbc toxlcant/oxygtn transfer rate ratios 

for all volrtllt prlorlty pollutants. 

In any cast, the dlfflcult step In this approach Is not to obtain the 

above ratlo, but rather to prcdlct the oxygen transfer cocfflclcnt, 

kI(02), correctly. fhls cotfflcltnt 1s a function of uattr 

turbulence, uhlch my be generated cltbtr by water flou or by ulnd. 

In fret floulng rlvtrt, wttr turbulence Is generated by tbt flou, 

and numerous formulas art avatlablt for calculating kI(02) (I.e., 

JdK,(O,)) from hydraulic parameters such as vtloclty, depth, and 

sTogt. Wllson and Haclcod (1974) and Rathbun (1977) revleu many of the 

maeratIon formulas uhlch have been proposed over the last three 

decades. One exammle of such d formula 1s that of O'Connor: 

kt l (0% u/H)"*5 (3.40) 

uhtrt u 1s stream vtloclty and units for parameters on both sldts of the 

equrtlon art chosen to be consIstant. D1 for O2 1s 1.81 x 10 
-4 

n2/day. The equrtlon can be used to directly calculate k,(toxlcant) If 

D,(toxlcant) can be ertlnuttd. 

In Imgounded waters and other slou moving wter bod¶ts, water 

turbulence may be gent-qttd by ulqd. O'Connor (1980) and HydroQual 

(1982) swnnarlrt data :elatlng kI to ulndspttd, W. These dat 

suggest a rtlatlonshlp: 

(3.41) 
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where C 
0 

I Drag cotfFIc!tnt (unltltrs). and 

W, S KIntmatlc vlscoslty of water (=O.OlOO cm'/;ec). 

The untts of all other parameters must be Chostn to be compatablc. 

CD also appears to vary ulth ulndrpttd. W, but may maInta!n a value 

around 0.001 for W less than 10 m/day. As ulth using Equations 3.34 and 

3.35, sustalntd periods of llttlt or no wind art not comnon; kk(02) 
values substantially less than about 0.5 m/day are not usually expected. 

Table 3.3 Illustrates parameters needed to dctermtne a ulnd controlled 

volatll lzation rate for tuo toxlcants. 

Hydroscltnct (1971) and EPA (1976) present data and a nomograph for 

Itlons. Their 

be much less ttran 

tstlnratlng kr(02) for a varltty of hydraulic cond 

data suggest that kr(02) uould not be expected to 

about 0.6 m/day nor much more than about 12 m/day 

stagnant or turbulent condlttons. 

9 cxceot under unusually 

Idcntlfvlnq the Imoortant Parameters 

Equation 3.33 can be cxamlned In 1Ight of the 

of kL and kg versus ulndspeed, and the reasonable 

suggested by Hydrosclenct (197:) and EPA (1976). 

the tuo film analyslr art thereby Indlcatcd. 

observed relatIonshIps 

range of kp 

Some Slmpllflcatlons of 

If Hc Is less than about 3 x 10w4, then the gas phase coefflclent will 

control the overall transfer cotff!cIent kV In all aquatlc tnvIronmtnts, even 

standlng uattrs. This 1s because Hckg utll Increase much more rlouly than 

kI as a function of ulndspttd. In this case, the analyst need not consider 

the turbulence of the wttr body at all. Furthermore, surface transfer ~111 be 

slow for substances of this type, and the rate will decrease as Hc decreases. 

6tnto(a) Dyrtnt, dltldrln, and pentachlorophcnol are examples of compounds In 

thlr clafc. 
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TABLE 3.3 VOUfILIZATlON PARAMETER VALUES 

Parameter 
Aroc lor 

1242 
Aroclor 

1260 

P 

CS 

n 

T 

H 

Olffortvtty of PCS In Air 

Olffuslv~ty of PC8 In Water 

r(lnctnatlc Vlscoslty of Air 

Klntmatlc Vlrcoslty of Uattr 

Drag Cotfflcltnt 

Wlfld Speed 

Vapor Pressure 

Saturatton Concentration 

~oltcular W*lght 

Ttmptraturt 

Henry's Law Constant 

cuhc 

2 cm /fCC 

2 cm /stc 

cln2/*tc 

wtrc 

v/IL 

g/m01 

K 

0.04652 

5.387x10-6 

0.15 

0.01 

0.001 

5.0 

4.06~10'" 

0.35 

261 

289 

0.01676 

0.03673 

4.253~10'~ 

0.15 

0.01 

0.001 

5.0 

4.06~10 -5 

0.027 

372 

289 

0.0309 

37.3 



If tic 1s greater than about 3 x lo", then the llquld phase 
coefflclrnt k, ~111 control the overall transfer cotfflcitnt Itv 

under nearly all condltonr, even when the wttr 1s very turbulent 

(kl(O*) l 12 la/day) and the air calm (W I 2 Wsec). For HC In 

this range the analyst need not consldtr the rlr phase parameters. It ts 

also Important to note that among substances ulth a hlgh Hc, the 

volrtlllzrtton rate Is Independent of Hc; rather, It 1s dependent on 

the substance's uattr dlffusjvlty. As dlffuslvltlts vary rtlatlvtly 

llttle among most toxlcants, the voldtlllratlon rates of all highly 

volrtIlt toxlcants art nearly ldtntlcal. Eramolts of such comoounds art 

vinyl chloride and tri- and tttrachlorotthyltnc. 

If H, falls bttutcn about 3 x 10.' and 3 x lo", there can be 

$omt tnvlronmtntal condltlons under which rtslstanct In both the llquld 

and the gas phase controls th? rate of volatlllzatlon. Ntvtrthtlcrs, 

under other tnvlronmtntal condltlons only on? phase r~y still control the 

overall rate. For example, under condlttons of moderate turbultncc 

(Qu32) I 2 m/day) and ulnd (W I 5 Wstc), the llquld phase solely 

controls for any He greater than about 2 x 10°2. 



SECTION 4.0 

GUIDANCE FOR MODEL APPLICATION 

4.1 APPROACH TO WASTE LOAD ALLOCATION PROBLEM 

Within the pollutant-by-pollutant modeling context considered by this 

document, the basic question confronting the waste load allocation 
analyst is, "How much of a specific substance can be allowed to be 

discharged in a receiving water yet not violate the numerical water 

quality standard?' This section of the guidance document provides some 
principles and direction to answering this question. The intent here is 

not to provide a standard method to be followed verbatim. The various 

models and example application art provided as guides to be used to gain 
insight into the process. Modeling results, as depicted In Figure 4.1 
should be used by decision makers in conjunction with water quality 
standards to develop waste discharge permit limitations. This process 
assumes that the decision maters (e.g., State water quality boards or 
administrators) have the desire and legal means to allow use of the 
assimilative capacity of water systems. The models may assist in 
choosing Some optimal mix of treatment, production modification, standard 
modification, and time schedule for implementation. It is Important that 
the analyst be involved in this process and communicate modeling results 
including estimates of accuracy and uncertainty to others Involved. 

Furthermore, it is desirable to get the affected parties Involved In 
the process early in order to identify the most Important Issues. By 
obtaining agreement on the approach for defining and evaluating the water 
quality problem, the regulatory agency, the dischargers, and any 
interested citizen groups may be able to work within a cooperative rather 
than adversarial context. Considering the level of uncertainty Inherent 
in estimating allowable ambient concentrations, allowable recurrence 

Intervals, and allowable effluent loading;, such agreement may be helpful 
for Successfully completing the endeavor. 
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FIGURE 4.1 WASTE LOAD ALLOCATION PROCESS 
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An Important tssut confronttng WLA analysts and managers concerns the 

amount of effort needed to make a sound, sclentlf!cally crtdlblt 

anrlysls. The apgroprtate level of effort depends partially on the 

comgltxjty of the tnvlronmental problem. Single dlschargcr, slnglt 

toxlcant, and relatively uncompllcattd rlvtr problems can be expected to 

requlre less analysts effort than multIpIe discharge, multiple toxIcant, 

and hydrologically complex problems. Nevertheless, the appropriate level 

of effort depends on other factors as well: such as the exptctatlons of 

the declslon makers, affected dlschargcrs, and other partles. These 

exptctatlons may be related to thclr prevlour WLA experiences, to the 

antlclpattd costs and the potcntIa1 beneftts, and to the resources 

avallablt. The approp'rlatt level of effort depends heavily on the 

consequences of a wrong dtclslon. 

Thus, It is not deslrablt for this document to attempt to specify 

from afar a particular level of effort as appropriate to a particular 

tnvlronmental problem. Rather, Stctlon 2 has suggested a range of 

analytlcal auoroaches. Furthermore, the dlscqsslon that Fo~lous suggtrts 

a phased procedure for tfflcltntly aoproachlng uhatevcr type of analysts 

1s finally selected. 

Phase 1: Ollutlon Calculation 

A dllutlon formula calculation (Sectlon 2.2) determIner the 

concentration at the potnt of dtschargt, before any fate processes can 

act to rtmovt or destroy the pollutant. The inputs requited are the 

effluent flow and concentration and the upstream flow and conctntratlon. 

The effluent data should be avallabla from the permit appllcatton. 

Upstream flow may be available from USGS or previous pollutant reports 

for the area, or they may be estimated from the dralnage area. Upstream 

concentration may be avallable from STORET or other uater quality 

records; In many cases, the upstrtam toxlcant load may be nearly zero 

compared to the effluent load. 
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Stream concentrations can be provided for flous and loads associated 

vlth a particular derlgn event or for any number of events hav?ng various 

return frequencies (as described by D1Toro 1982). This analysts For the 

point of discharge, however, provides no InformatIon on the downstream 

concentration. the area of Impact. or the fate of the pollutant. These 

factors may need conslderatlon prlmarlly If (a) the load must be 
allocated among two or more dischargers spread out along the reach (ln 

order to assess the degree of depuratlon occurrlng between dischargers), 
or If (b) the environmental beneftts must be assessed (since they UcDtnd 

on the sire of the 1mOact area). Less probable reasons for pursutng fate 

modeling are If (c) sensltlve downstream reaches require special 

protect?ons, or (d) the pollutant produces hazardous degradatlon 3rodl;cts. 

For many permits, there may be little reason to proceed beyond :.7e 

dilution calculation. 

Phase 2: Oounstream Esttmates 

The purgost of Phase 2 would usually be to cs:lmate the saatlal 

extent of the problem or, for multiple discharges, to ertlrnate the 

addltlvlty of loads. Beyond Phase I, this entalls predlctlng the 

downstream behavlor of pollutants using a fate and transDort model (SUC,? 

as descrlbtd In Sections 2.5 and 2.6). The model’s input parameters 

uould be estimated from uhatever data are already avallaO;e on the 

hydraultc and uater qualtty characttr~stlcs of the reach, together ulth 

publlshed lnformatlon on the chemtcal charactcrlsttcs of the pollutants. 

The model could then be used to tstlmate concentrations throughout the 

reach, for various control alternatlves under various envlronmenta; 

condltlonr. 

Computer data bases, such as STORET, IFO, Reach File, CHEY FATE, 

ISHOU, and lndlvldual state Infortnatlon systems, allow rapld retrieval of 

Some types of Informat!on needed to apply the mGde1. Table 4.1 

!Onaclres the contents of these data bases and how to obtaln access. 
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TABLE 4.1. AVAIlABlE COW OATA BASES Of POSSItiLE ASSISlAuCf 
fOR HOOELIWG TOXIC SUBSTAMES 

Oatr ease 
Storet-Yatcr 
Qurllty FIlc 

I 
; Achronym 

STORET-wgr 

strew hch 
filer 

Industrtrl 
factlitter 
Dlschrrge 

Drinking Yater 
file 

Stream Gaging 
Inventory file 

Pollutton Caused 
fish Kills file 

MACH 

IF0 

YSBD6 

GAGE 

F 1511 

Perron/Organl- 
zrtlon and 

User Asststrncc 
leleohone Yo. 

US EPA STORE1 
System User 
Asslrtrnct 
800/424-9067 
2021382-7220 

Phlllip Taylor 
US EPA OYSR 
202/382-7046 

Philltp Taylor 
202/382-7046 

PhW 1p Taylor Inforartlon on surface pub1 Ic water supplies In 
202/382-7046 the U.S. 

Phil 1 Ip lrylor 
202/382-7046 

Phil 1 Ip Taylor 
202/382-7016 

Descrlotfon 
, 

knblentwater quality data as stored by States, 
EPA, USGS, and other agencies. 
USGS gaged flow records, s-e effluent records, 
some blologlcrlly related data. 

Contrtns 72,050 river reaches for the U.S. used 
to link other file Information hydrologlcrllj. 
Provides linkage between UQF, IfD, CAGE, and 
US806 files. 

A canprehensive nationaldrtr base of about 
44,UOO dlschargc locatlonr In 21 Indurtrlal 
categories, lfkely to contain any of 129 
ptlori ty 
on WPDES 1 

01 Wants, f Iler contrtn Infomatlon 
emit Nos., fIcwr, SIC codes, locr- 

tlon, keyed to other files by stream reach. 

Summary of river flar data for 36511 gages In 
the U.S., bastn charrcterlstlcs, localton, mean 
annual flw and 7 day-ID year f lw. 

-_ 

Reports of 12,000 fish klIls In the U.S. 

Access 

Direct Uatch 
and Real Tiw 

Direct Patch 
and Rerl f/me 

Direct 6atch 
irnd Real liar 

Direct Batch 
rnd Real lime 

Dlrec t Da tch 
and Real Ilnr 

__- --- 

Olrect batch 
and Real line 



TABLE 4.1 (Cont’d.) 

REACH Retrlevrl 
Method 

lnforlrtlon 
system for 
Mrrrrdous Or- 
gmlcs in 4 
Yiter Envlron- 
ment 

Oil and 
Ilrzrrdour Tech- 
nical Ass Is trnce 
Data System 

CHEWATE 

X-W 

OlINADS 

User Arsirtrnce 
Teleohons tie. 

Phlllip Taylor 
202/362-7046 

Syracuse Rc- 
search Corp. 
315/42MlDO 

Syracuse Ae- 
search Corp. 
3l5/425-SlDO 

Syracuse Ra- 
search Corp. 
3l5/425-5100 

US EPA Em. 
Acs. Lrb- 
Duluth 
218/726-7831 

- 

WI/EPA 
800/424 -9600 

DctcriDtion 

Inforutlpn frma the YQF can be retrltved 
Interrctivcly by hydrological order. 

A blbllogrrphlc tnvIronmentrl fate drti b&se 
contrlnlng over 20,500 records on 2,600 
c~m~crl s - CAS Reg. No., Abbreviated reference, 
drtr types. 

Data-vrlue fllc contrlnlng Iltcrrtura derhd 
data that is pertinent to the environmental fate 
of 220 chenlc~ls. 

Contains references cited In DATALOG rnd 
CHEMF ATE 

Contrtnr drtr on chemlcrl, blologlcrl, and 
physical properties of organic chemlcrls 

Contains I wide variety of ptryslcrl, cherlcrl 
blologkrl, toxlcologlcAl, rnd comnerclrl 
data on mny substances. 

--- 

Access 

Direct Batcll 
and Real lir 

Direct batch 
and Real I im 

Direct Batch 
and Real Vim 

Direct Batch 
and Aerl Iim 

-- 

Dlrec t 81 tch 
rnd Real 1 Im 

Dlrec t tlrtch 
ml Real llla~ 

*Other dr bases exist and should be added to list IS I Information becomes rvrllable. 



This phase, rclyrng on cxlstlng lnformatlon, does not undertake the 

collcctlon of neu fteld data. Uhllc publlshcd Information on the 

chemical characterlstlcr of many toxICants Is-often reasonably sound, the 

site-spcctflc envlronmental data are often sparse. In parttcular, 

bed/water exchange parameters, partltlon coeff~clents, some pollutant 

degradation paramttcrs, and even the channel depth and vtloclty may be 

unccrtaln. Depend!ng=on potentlal envlronmental benefits and treatment 

costs estimated (using the model) to hinge on the WLA, It may be 

deslrablc to implement a monttorlng program deslgned speclflcally to 

cal'lbrate and vtrlfy the model. thus proceedlng to Phase 3. A 

Senrltivlty analysjs of model parameters can be used to Idcntlfy the key 

uncertalntItr. 

Phase 3: Monltorlno and Model Valtdatlon 

When modellng results lndlcate that the WLA declslon IS sensltlvc to 

poorly deflned or understood parameters, then more lntcnslve data 

col'ltctlon may be warranted. Unllkt the Phase 2 gathcrlng of exlst:ng 

lnformatlon, the Phase 3 monltorlng program uould be deslgntd and 

lmglemtnted for the sptc~flc purpose of relating the recelvlng uatcr 

response to the pollutant Input, through caljbratlng and verlfylng the 

model. 

Such monltorlng of rlvtrs Is most effcctlvt If performed as Intens!ve 

surveys. Their success rtqulrer careful dtslgn and substantial 

resources. Survey Orograms can vary greatly In magnitude, from slnglc 

'plug flow' surveys. such as Illustrated by the Oecember 1981 Fl Ant Rlvcr 

survey (descrtbed In Section 5) ranging to large reglonal programs, such 

as the Otlaware Estuary study (Thornann 1972). 

the resources needed for d slnglt lntenslvt survey are determlned 

largely by the site and compltxtty of the system. As the normal 

vartab!lIty of the envlronmtnt and tfflutnt can be consjderable, a 

fragmentary survt:: %ay often produce data that a!~! ls-+oss!ble to 
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rtconclle rattrfactorlly ulth modcltng results. Consequently, If 

undertaken at alt, an tntcnstve-survey should be tallored to the needs of 

the model, and deslgned to be tnsens!tlve to temporary abertatlons In the 
system, as ~111 be dlscussed further. 

Having dtmonstrattd accord between the model prcdlctlons and fltld 

obsarvatlonr for one or two or mare condltlons, the Phase 3 model can be 

used to forecast tntlrely ntu condftIons with somewhat greater confluence 

than2he Phase 2 model. 

4.2 DATA NEEDS 

Sttt-sptclflc callbratlon of a toxic substance model for a Phase 3 

analysis requires (a) uastt load and boundary condltlon data. 

(b) tnvlronmental and chtmlcal data for process rate tstlmatlon. and 

(c) callbratlon and verlflcatlon data. The amount of data needed to be 

collected In tlmt and space depends on the particular sltt, the 

varlabt ltty of the system, the accuracy dtslred, and the ~~~OU~CCS 

avallablt. The dtstrc here Is to suggest a rtallstlc, ach!cvable data 

colltctlon plaa.. 

The reader ls referred to Book II. Stream and Rlvcrs. Chaotet 1: 

Blochedcal Oxvqtn Otmand/Olssolvcd Oxvqtn and Amnonla Toxtclty, SectIon 

4, for a thorough dlscusslon of general problem dtflnltton and data 

requlrtments for stream raodtlr. The toxic substance problem should be 
consldertd as a special cast of stream modtllnq, bulldlng upon a 

hlstorlcal base of conventional monttorlng and research. 

In the folloulnq dlscusrlon, lt 1s assumtd that the WLA analyst has 

deflntd the probltm. revltutd htstorlcal data, made prellmlnary madtllng 

calculations, prestnttd the Inttfal flndings to managtmtnt, and developed 

a consensus to proceed ulth the collectIon of addItIona field data. It 

1s also assumed that the ULA analyst can dlrtct or at least rtcomnend a 

mm1 torlng plan and that he or she has vlslted the site and obtalned a 

'feel' for the ;Ituatlon. 
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4.2.1 Obta!nlnq Model Inout batQ 

Table 4.2 swwnr\tes typlcal data needs for Stttlng UP and 

callbtatlng a toxlcant modtl. Not all Items are applicable to all 

pollutants. Generally, channel data are nttdtd for iill types of 
pollutants; In addltlon, velocity and depth ordlnarl?y have stgntflcant 

flou dtpendenclts uhtch must be ascertalntd. Effluent and boundary 

conctntratlons and flow are llkwlse needed for all pollutants. 

Stdlment rtlattd data (partition coefflclents, settling and resuspension 

velocltles, and bed characterfstlcs) are needed for pollutants uhlch 

rradlly adsorb to particulates. Oeqradatton rate data are needed for 

organtc pollutants, depending on uhlch processes (hydrolyrls, photolysls, 

etc.) art appllcablt to the particular compound. Referekes like 

Callahan et al. (19701, Mabty et al. (1982), and the CHEM FATE data base 

can be consulted to determlnt uhat processes are important for partlculat 

chemicals and to provfde selected non-sltc-speclflc coefflclents or 

data. Once the lnttlal tstlmates are made, adjustments may be necessary 

durtng model callbratlon. 

Site-speclftc envlronmtntal parameters can be obtalntd or lnferred 

from direct measurements over the approprlate time period. The time 

framt selected uould be determfntd by conslderlng: 

1. Rtsldtnce tlmt of the pollutant In the systtm. 

2. Tim varlablllty of the systtm. 

3. Time and frequency quallflcatlon to the wter quallty standard or 
criteria. 

4. The expected crftlcal time perlod - 
a. low flou ulth llttlt dtlutlon. 
b. hlqh flow, ulth nonpotnt loadfngs and stdtment rtsuspenslon. 
c. periods crltlcal to ftsh sutv1val. 

5. Production and treatment scheduler and cycles. 
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1ABlt 4.2 MOOEl OAlA WEDS 

-1 O&b 

River flow 

Velocl ty 

Cross sectton Area 

Reach Length 1 II 

Depth of Uater 

Q1 

Ul 

d/s et 

n/set 

.2 

“1 I 

Upstream Tloundary’ 
Conctntratton 

lox kant 
Suspended Soltds 

hl 
‘I 

Point Sources 
flow 
Concentrr’0on Toxtcant 
Load Toxtrmt u 

Concentrat\on-Sur. Soltdr - 
load- SW co1 Ids 

8ed and Partlcglrtcuh - ---..- 

Thtckness of Active Sedbnt HZ I 

Measure or obtatn fror USGS Gage. 

Measure directly with ttu-of-parsago dye study, or 
compute from area and flow U - Q/A. 

Compute fror measured width and depth. or compute froa 
velocity and flow. 

Reaches deterrtned by rtgntflcant morphometrtc changes, 
trlbutarles, or polrrt sources; masuro from charts, 
confirm tn fteld. 

Measure dtrectly or compute from cross section mea and 
measured width. 

Olrect maasuremnt. 
Dtrec t measurement. 

Product of flou and concentratton. 

fstlmdte from core samples, measurtng verttcal 
d\strIbutlon of organic contantnants; or use typlcal 
publtshed values. lhts parameter has no effect on 
steady state results unless stgntflcant decay -urs In 

et ’ 
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TABLE 4.2 HODLL rr~fA WftDS (continued) 

SolIds Concentrrtlon In Bed 
PororNy 
SolIds type 
Slzt Distribution 

Stttlhg Woclty 

Rtsurpmsion Vabc1Iy 

Partltton Cotfflcltnt 

Stdhtnt 8tffusIon 

mrrdrtlon Rtttg 

VOldti!iZdt~On COtfflCitnt 

Redtrdth- ~OtffiCltnt 

Solubillty 
Vapor 4f CS itlrt 

PhOtO\ySiS Rdtt 

Chlorophyll 1 
Dlss. Orgrnk Cdrbon 
Suspended Solids 
Solar/W Radtdtton 
Wear Surface Rate 

fi!dySb Rdtt 

Cell Count 

ur 

n/dry 

r/dry 

ml 

m/dry 

I/dry 

I/dry 

119/a 
torr 

I/day 

I/day 

I/day 
I/ml 

Ha~surc or Lsthtt: 12 l (prrttclm density) (l-4) 

Cstlute fron ptrtlclt-slrt dlstrtbutlon and stream 
turbukncc coupled with publtshtd ddtd or Stokes 
formulr. Htrsurt with ssd\atnt traps or tn lab. 
Adjust by Cdlibrdtton. 

Cal\brrtt to ml drt4; tsthte from theory. 

Clltbrdtt for dissolved rnd prrttculrte ddb: 
W - cp/dd. Othtrw\rr, use Ilttrrturt Wlusr; 
for metals, USI Attdchment 1 ddtd. 

Llttrdture vdluts. 

Ctlculrtt from theory. For volrtIle hydrophobic 
pollutants, compdrt with rtdtratlon rate. 
Calculate urlng strern depth, velocity, dnd possibly 
I lope. 
Publtrhed data. 
PublIshed drtd. 

Use estlnatlon method tn SectIon 3; dlrtct measurements 
made using Actlnometcr. 

Standard methods. 
Standard methods. 
Strndard methods. 
UV rad\meter. 
Weasured by Actlnoneter dt udder SUrfdCt. 

Stcr\le vs. non-stcrllc dart bottle experkmts. 
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IADlE 4.2 MDDtl OATA NtLOS (continued) 

Hydrolyslr Rdtt 
PH 

l/dry 
SU 

Laboratory txperlwnt at different pH or publ\shtd drtr. 

Ancllltry Dttr: T~trrturt .C 

~l~brrtlon/YerlfISlt~oh Du 

Suspended Solids ml w/a Strndrrd mtthods - usurlly using 0.4s * flltor. 

Toxtcrnt Concentrrtton - 
- Total Cl uiw 

In water column rnd bed rodlmtnt. 
Dlrtct mtrsurtwnt rt rpproprlrtt tlmtr and plrcts. 

- Dissolved Cd u9/r Dtflntd rccordtng to fllttr used; i.e., 4S w. 

- Pdrtlculdte cP u9/r Ctlculrttd: Cp . Cl - Cd. 
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Whenever postlblt, potnt source surveys should be scheduled for 

seasons when tht sy~+- 1s Ilktly to be most stable, unless spcclflcaily 

dtslgned to evaluate time varlablllty. 

4.2.2 Callbratlon and Vcrlflcatton: Comartm Prcdlctlon with Obscrvatlon 

Callbratlon refers to the procedure of adjurtlng the Input parameters 

until the oritput prcdlctlons (e.g., dlssolvtd and total toxlcant profIle 

and suspended solIds profile) reasonably match the observed 

concentrations. In multi-parameter models such as dcscrlbcd In Scct7ons 

2.5 and 2.6, numerous dlffarent comblnatlons of Input values may allou a 

fit bttuttn pred.lctions and obstrvatlons. -Consequently, before 

attempting to fit the data, It 1s customary to fix the values of as many 

parameters as posslblc, based on direct measurements. It may then be 

feasible to adjust the values of a small number of parameters, ulthln the 

range of unccrtalnty for those parameters. In order to match the 

obstrvatlons. 

Vertflcatlon generally refers to comparlrjg predlctlons ulth 

obstrvatlons for a second !ndegtndtnt survey or time period. In 

practical WLA contexts (In contrast to some academic or research 

contixts), the dtstinctlon bttuttn callbratlon and verjftcatlon may 

btcomt hazy; the lnltlal callbratton may be modlfltd or comoromlscd such 

that the model can reasonably match both surveys. It IS consldctcd best 

If a Slnglt set of decay, partltlon, and stdlmtnt exchange cocfflclents 

fit both (Or all) surveys rdtqurttly; however, It my be the case thdt 

SOW Coefflclcnts mty need to vary bttuten surveys, af Illustrated In the 

Flint River study. tf this 1s the cast, then It Is cssentlal thdt the 

values vary In consistent, reasonable, teadlly justlflablt ways. 

Ideally, then, the WLA monltorlng program would Include at least bo 

lndtpcndtnt surveys. One survey might be more lntenstvt because of the 

requirements for callb-atlon. This survey may cover a longer tlmt 

period, perhaps ~ZV -al days. It may include some master statloll- to 
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dlscttn dlurnal varlatlonr. particularly for those organic compounds 

uhlch photolyzt rtadlly, and for sltts where waste flows cofnprlsc a large 

fraction of the river flow. Statlon locations depend on the sources, 

ttjbutaries, and stream charact trlstics. At a f!IlnliUum, them should bt 

one station to dtflne boundary ConCtnttatlOftS upstream from the flrrt 

point source, one station just downstream of the mlxlng tone, and at 

least one some dlstanct (travel tlma) downst~tatn, rcf ltctlng the effect 

of the loss processes. The flnal plan would reflect the complexity of 

the system and the resources avallablt. 

A second survey alght be less Intensive. covcrlng a shorter time 

period or perhaps employing a 'plug flou' or 'slug sampling' survey 

strategy. This strategy, Illustrated In the Otctmbtr 1961 Flint River 

survey, Involves sampltng the point sources and rlvtr according to the 

passage of a plug of flou marked by a dye tracer. Although this method 

entalls consldtrable coordtnatlon In the fltld, fever samples are 

rtqulrtd to be analyzed and, as a result, It 1s less costly. This method 

also has the advantage of fllttrlng out many Varlatlons, uhlch 1s Ideal 

for steady state models. Resource estimates for survey optlons are 

dlscusstd further tn Sectton 4.4. 

Many WlA studies have not used tw or more surveys for support. 

Obtalnlng cornglett and unamb!guous data Is more tmortant thdn gtrformlng 

a particular number of surveys. Faced wlth a sltuatlon where resources 

art sufflcl8nt for only a single good comgrehtnslvt survey, the analyst 

my be better off ulth lmglernentlng the one survey than ulth sDlltting 

the resources betuecn two abbrevldted or fragmented surveys. 

bihlle the supportIng site-sptc9flc data art a key tltment of any WLA 

analysis, the abtllty of the model to curve ftt a vtrlflcatlon data set 

1s hardly the only measure of adequacy. Its consonance wtth aggregate 

modtllng tx~erltnct, the overall reasonableness of Its input vcluts, and 

the general undtrstandtng demonstrated by the analyst are at least as 

.mOortant. 
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Model Accuracy 

The qutstlon will undoubtedly arise conccrnlng the accuracy of the 

rrrodel. Ulthout any callbratlon or vtrlflcatlon data, the qutstlon for 

any slta-sgtclftc sltuatlon may never be answered satlsfactorlly. Ul th 

or wlthout uatar quality data. however, the aoproprlateness of the model 

input values (and postlbly the model formulation) may always be 

uuestloned. 

Some Indlcatlon of grcdlctlve reliablllty can be obtalntd by 

sensltlvlty analysis: varying , one at a time, the key model parameters, 

such as partltlon and decay coefflclents, over a reasonable range. Such 

an analysis shows the sensltlvlty of the results to errors In tstlrnatlng 
model parameters. for a nmre thorough evaluation, all key model 

parameters can be varied at the same time using tither of two 

approaches: (a) Monte Carlo slmulatlon and (b) ftrst-order variance 

propagation. Both techniques require sptclfylng a probablllty 

dlstrlbutln of values for each Input parameter of the model. In the Yonte 
Carlo simulation, parameter values are shltcZcd randomly From the 
speclfltd dlstrlbutlons, and the model run over and over agaln, each time 

ulth a different set of parameter values. The model output at each 

statlon can then be dtscrlbed by a frequency dlstrlbutlon. In 

first-order vartance propagatlon, the variance !I! the output dlstrlbutlon 

Is calculated dlrtctly from vatlances of the lngut dlstrlbutlons. 0urges 

and Lettenmaler (1975) Illustrate appllcatlon of both techniques to 

BOO-00 models; Scavla et al. (1981) illustrate their appllcatlon to 

l utrophlcatlon models. Chapra and Reckhou (1903) provldt a more dctalled 

descrlptlon of these techniques. 

for cqdrlng model gredlctlons with fltld observations. several 

measures of model accuracy have been suggested by Thomann ( 1982). These 

Include regresslon analysis of observed and predlcted values, rtlatlve 

error, t-test compar!son of means, and root mean square error, An 

analysis of observed and prtdlcttd valuer ror the callbratlon/ 
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verlflcatlon runs of 15 dlssolvtd oxygen models lndlcated an overall 

medldn relative error of 10%. Hedlan relatlut error of Indlvldual models 

ranged from a few percent to about 60 percent. for a tutrophlcatlon 

model of Lake Ontarto wtth complex klnttlcs and flnt spattal scaler, 

fnetjlan reldtlvt error over a lo-year slmldtlon period for 5 vdrldbles 

uds 22 to 32%. Rtldtlve error Is deflncd as 

where L Is the relat!vt error, x 1s the average observed concentration 

at each station, dnd c Is the computed average conctntratlon. This 

statlstlc, It should be noted, behaves poorly for small x, and tends to 

uelght overpred!ctlon more heavlly than underprtdlctlon. 

Typlcal accuracies of toxlcant model appllcatlons hdvt not been 

l va 1 ud ted. Because the aggregate txperltnct mlth toxlcdnt modellng Is 

less exttnslve than ulth d!ssolved oxygen modtllng. and because typlcal 
levels of almost any toxlcant vary over a far uldtr range thdn do ltvt!s 

of dtssolvtd oxygen. toxkant models may not aludyr attain the accuracy 

of dlssolvtd oxygen appllcatlons. However. as the effect levels for 

toxlcants art so much more unctrtaln than effect levels for oxygen 

deortsston, the need for very h!gh accuracy seems less prtsslng. 

Nevertheless, ln the fl+'tt River cast study, the callbratlon/vtrlfIcatlon 

accuracy sttmd quite sdtlsfactory by convtntlonal WLA yardstlcks. 

Ptedlctlve accuracy of either conventional or toxic pollutant models 

can be expected to be less for a new survey for uhlch the model has not 

been calibrated. This 1s particularly true for an event ulth conditions 

outsldr the range of those for uhlch the model uas callbrattd. Thus, 

predlctlve accuracy for conventional design events (extreme drought flows 

coupled ulth hypothetical Improvcmcrnts In effluent quality) may be 
somewhat less than the callbratlon/verlf~catlon accuracy. In partlculdr, 

It My Oc dlfflcult to estimate to what degree lower stream flow and 

Improved effluent ',,'a- !y ~111 affect-parameters such as the stttltng and 
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resusptnslon vtlocltlts (flow and partlclt-slzt dependent) or partltlon 

coefflclent (also partlcli-site. dependent). Such model adjustments must 

be based on analyst judgment. 

In concluding thls stctlon It must be noted that an adequdte 

dlscusslon of approaches for tvaludtlng model accuracy and unctrtalnty Is 

beyond the scope of thts volume (apparently along ulth the other volumes 

of this Hanual, thus far). Chapra and Rtckhou (1983). however, provide a 

more thorough treatment of the subject. 

In actual WU practice, the analysts of model unctrtalnty Is seldom 

quantttatlve. It Is most comnon to compare observat?on and predlctlon 

graphically. declare the model Validated,' and proceed to apply the 

model for dtttrmlnlng the allowable waste IOdd. Although a stnsltlvlty 

analysis may be performed on some of the Input parameters, the results 

are unllktly to Influence the declslon-maklng process. Where the MA 1s 

being done ulthln an adversdrlal context, ft 1s PtrhdpS understandable 

that the analyst may not consider It helpful to SpotlIght the 
unctrtalntlts. However, If the model vtrtflcdtlon ts not tftdttd as a 

pa-ss/fall proposltlon, then quantltatlvt trtlmatts of model unctrtalntlts 

can be more readily Incorporated lnto the declslon-maktng process. Once 

a Monte Carlo or ftrst-order variance analysis has been set up for tne 

model, pollution control alttrnatlves can be evaluated In terms of their 

probablljty of brlnglng about pdrtlcular uattr quality outcomes. Sectlon 
4.3 further discusses the use of Monte Carlo slmulatlon for th!s purpose. 

4.2.3 Addltlonal Oat4 

The data presented In Table 4.2 are dtrtctly appllcablt to setting UD 

the Iwdel. Sara, l ddttlonal paramter measurements may be useful for 

literpretlng rtSu?ts and substantlatlng the actual tx!sttnct and cause of 

the reach's use lmgalmnt. Incremental costs of this work would be 

slaall, since the major expense for the survey would be for the fltld creu 

and the chemical analyses of toxlcants. The addltlonal measurements 

could Include: 
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a) Hardness and alkallnlty: to Interpret toxlclty and determlne 
metals ctlterla. 

b) Conductivity: to conflm transport. 

c) Total organic carbon. 

d) Olssolved oxygen, ammnla, and chlorine residual: to Interpret 
toxlclty and blottc status. 

l ) aurlltrtlve descrlptlon of sediment bed: to support estlmatts of 
bed/uater exchange. 

f) Concrntratlon of pollutant In blota: to tndlcate long terra 
exposure. 

Furthermore, ?t ts preferable to coordinate the chemical sampling 

ulth a btologlcal survey. As the numerical crtterla of water quality 

standards are mostly dertved froa single-specter laboratory tests, an 

observatton that a crtterlon h vlolated for a certain tlme period may 

provtde no lndlcatlon of hou the Inttgrtty of the ecosystem Is being 

affected. In addltton to demonstrating the lmprlrmtnt of use, a 

blologlcal survey, coordinated ulth a chemlcai survey, can helo In 

ldenttfytng the culprtt pollutants and tn substantlattng the crtterla 

values. The rerultlng data base may also provide tnformatlon 

transferable to other sites. For multt-faceted surveys, It may be 

advantageous to try to coordtnate efforts utth unlversltlts, research 

lnstltutlons, or Industrqes, especially If they can contrlbutt thelr own 

resources. 

4.2.4 Oualltv Assuranct 

The YU analyst should refer to 8ook II, Chapter 1, Section 4.3, for 

a general dtscusston of qualtty assurance requtrements for u;lstt load 

allocation ttudjes. Thlr dIscuss3on will focus on the unique 

requtrements for toxtc substances. 

Ouring the development of the monttortng plan, the WLA analyst should 

wet utth the laboratory dtrector and quality ;-surance offlctr to 
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request a qualtty assurance proposal. The proposal should consider 

sample collection, hrndllng, preservation, prcparatlon. and analysts. Of 

prrttcular concern to the MU analyst would be the dttectlon 

(quantltatlon) llnit for each toxlcant. 

Some production laboratorlts, although very reputable, may not report 

concentrations at levels at or below crtterta llmjts because doing so 

requtrts addltlonal care and qualtty control, reduces the productlvtty In 

tents of numbers of analysts performed and may rtqutrt alternate 

analytIca methods. Uater quality managers need to rccognlrt this 

potrtblllty and ebakt sptclal conctsstons for lover productlvtty during 

YU contprchtnslve surveys. 

Samglts to be ustd for toxic substance analysts rcqultt sptclal 

collection and handling proctdurts unltkt those for convtntlonal 

parameters. Ocptndlng on the sptclfic chtmlcal, prtcautlons should be 

taken tcr prevent samI@ contamlnatlon from collection dtvlcts and 

contalntrs. This 1s not a trlvtal concern. 

Samples that ulll be ftltered for parttculatt and dlssolvtd ftactlons 

should be dtltvcred to the flald laboratory for fll t.ratlon wl thin the 

shortest period posslblt (one or two hours maximum for metals samples) or 

ftltered and prtservtd on sltr. For unstable chtmlcals, samples should 

be preserved using prescrfbed methods. 

Key to the entire effort 1s proper sample logging, rtcordlng of 

results, Input of lnfornutlon Into a comguttrlted data based such as 

STORET, and verlf9catton and corrtctlon of data In the data base. 

4.3 FORfCASTfNG 

fhr purpose for davelopIng a site-sptclflc made1 ts to forecast the 

envlronmtntal consequences of pollution abatement alternatIves. 

Env!ronmental goals for a stream reach are, of course, tmbodltd In the 

tmef~clal uses d8Slgndttd In Its water quality standards. The water 
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qurllty needed to protect the designated uses mry be spcclfltd as 
nuewlcal crtterla, uhlch Indicate acceptable chefnlca7 conctntratlons (If 

know). Criterta are generally derived from laboratory tests In uhlch 

prrticular sptclts are exposed continuously to a toxkant. As the tested 

concentrations do not vary over time, It Is not obvious prtclsrly how 

they should be related to antblent concentrations, uhlch often vary 

conslderably over tlfee. It 1s not clear hou ofttn the crlttrla can be 
vlolated ultnout Impalrlng the use. 

In actual practice, lacking a flm ttchnlcal basis for sptclfylng a 

target frequency of atta\nment. WU analyses have often lncorporattd the 

convention of deslgnlng for the crlttrla to be met during the f-day, once 

In lo-year (7010) lou flw. This assumes that upstream dllutlon has a 

domlnant Influence on uater quality, a prtmlst wh!ch Is correct for many 

water courses and pollutants, but not true for all. Indeed, several 

other time-varlablt parannters may also affect the modeling results; for 

example, tetrqeraturt affects most dtgradatlvt processtt, pH affects acid 

and basic hydrolysis, ulnd vcloclty affects volatllltatlon In sluggish 

wters, solar radiation and turbldlty affect photolysls, and susDtndtd 

solids affect partltlontng. In 600 and amnanla Wl.As, the other key 

parwters, usually tweratura, upstream concentrations, and pH, have 

been speclfled by varjous procedures; deutndlng on the procedure used, 

the values my either frwuently or srldomly be expected to accompany the 

7QlO lou flou. 

In judging pollution control alternatlvts utthln such a framework, 

the masure of effectlvenrss generally applied 1s the change In 

concentration during the slnglt rare event. Other matures are not 

easily applied because the conventional procedure generally obscures both 

the expected frequency of violation and the overall toxlcant exposure 

level, due to: 

a. The use of a single rare event. 
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b. The nature of the extreme value statlstlcs used to generate the 
flou recurrence Intervals. 

c. The lack of conslderatlon for the probablltty dlstrtbutlon5 of 
other tnvlronmental Input parameters. 

As a consequence. nelthtr the analyst nor the declslon-maker may rtallzt 

uhat level of protectlon the design condltlon Is provldlng. Indeed. they 

may not even rtallrt that 7lJlO dtslgn condltlons provldt different levels 

of prottctlon In dlfftrtnt streams. For example, In a large river the 

upstream dilution flou may be less than or equal to the 7010 only 1% of 

the tim+, but In many small streams It my be at a zero flow 7010 for a 

substantial percentage of the tlmt. 

An alttrnatlvt framework for model forecasting has bttn propostd by 

Freedman and Candle (1983). They suggest a conceptually slmplt Monte 

Carlo ttchn!qut uhlch can account for both the tlmt-varlabtllty and the 

uncertainty !n all model parameters: (a) tnvlronmtntal conditions, (b) 

effluent quality, (c) rate cotfflcltntr, and (d) water qualjty crlterla 

values. By gtntratlng a probablllty dIstrlbutlon of water quality 
outcomes for each pollution control alternatlvt. the framework can 

provldt a mart rtallstlc comparison of thalr likely tfftctlvtntss. 

The analyst beglns by descrlblng the probablltty dlstrlbutlon for 

each of the key model Input paramtters. Statlsttcal tvaluatlon of the 
hlstorlcal data can dtflnt the vartabtllty of parameters such as flow, 

upstream concentrations, effluent loads, pH, and ttmgtraturt (using 

dally, wakly, monthly, or any other avtragtng periods). Publlshtd data 

and analyst judgmtnt can suggest the unctrtalnty of parameters such as 

decay and partltlon cotfflcltnts. The dtstrlbutlons can be dcflntd In 

terns of standard statIsttea functions such as normal, log normal, 

gunnU, or unlforTII dlstrlbutlons, or they can be numtrtcally dtflntd In 

terfM of the probablllty of exhtbltlng d!scrttt values. Corrtlatlons 

between Parameters may need to be taken Into account. 
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A bltc CdflO t~tUU~dt~Otl cdn then be ~crfotmcd by randomly selecttng 

model Input values from the asrlgncd dlstrlbutlons. 6y tdllyhg the 

urter qur-llty pred~ctlsf?r taruftlng from each set of randomly selected 

Inputs, the overall dlstrlbutlon of resulting water quality Is 

generated. A slmplr Illustration of aoplylng this procedure to a few of 

the lnDut parameters for a model of a stream with two dischargers Is 

shoun In figure 4.2. 

Some other methods can also provldt probabllIty dlstrlbutlons of 

water qualtty. dccountlng for tlmt varlablllty but not necessarily 

parameter unctrtrlnty. A COmputattOnally Slntplt ttchnlque has been 

suggested by Olforo (1982). Using log normal dfstrlbutlons for flou, 

lordlng, and other tnvlronmcntal parameters, tt gtneratts a log normal 

dtstrlbutlon of concentration lmtdldttly below the outfall. The method 

was Intended for dllutlon calculations, not downstream fate Drcdlctlons. 

Ptrhaos the most stratght-fomdrd means of addresslng time 

varlabjllty 1s to dpoly a continuous slmuldtlop model such as HSPF or 

SERATRA. A StVtral year stquenct Of flow, tM&Wature, loddlng, and 

other Input 1s used to generate a tlmt sequence of water qualtty, which 

may be sumnarlrtd IntO a frequency plot or posstbly evaluated In other 

more toxlcologlcally relevant ways. Uhlle dally records for flow arc 

usudlly rtadlly avalldble, time sequences for other model tnputs may be 

more dtfflcult to construct. 

comdrtd ulth the dettMnlStlC dnalysls of a single rare event, 

probabtltsttc and continuous stmulatlon ttchnlquts provide a broader 

pcrsgectlve over the l ntlrt uattr qualtty response. In comgarlng 

d\fferent control options, the measure of tffrctlveness can be the 

ptobablltty of txctadlng the crlttrla, or It cdn even be the frequency 

coupled utth the stverfty of violation (as Illustrated by the shaded area 

l xceedtng the crlttrla ?n flgurt 4.2). 
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EfflUEYI OECAV 
1OAD cOLfflCltYf 

?AOIAIIlIIV 

SlAtAM COYClYIRAIIOY 

f IGUAE 4 2 MONTE CARLO f ODECASTING: INPUT VARMBILIIY AND UNCERTAINIY 
Gt NERAIES IUf OUTPUT VAHIAfUl ITY AND UNCEAIAINTY. 
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In sttudtlons where rults requtre that the WLA be deslgned for a 

particular flou. such as the 7010, the Monte Carlo ttchntque can be 

apolled to all tnput pdral!WtUfS except- flow. Control alterndttves can 

then be l valuattd tn terms of probable outcomes for that particular flow 

event. In sltuatlons uhtre the analyst ulshes to construct a slnglc 

event corrtspondlng to a particular recurrence lnttrval, Book VI of the 

Guidance Manual (USEPA 1984) descrlbts a method for seltctlng flow, 

temperature, and pH. The method dots not consider all variable Inputs 

and may be restrlcttd to slnglt dlrchargtr sltuatlons. 

Ulth the 7010 (or slmlldr) design conventlon, a level of protectlon 

dtclslon 1s made automatlca?ly, grounded more on past precedent than on 

ttchnlcal ratlonalt. Its level of prottctlon, however, may vary from 

site to site somewhat haphazardly, unrelated to use attainment. If such 

a conventional design condltfon 1s not used, the level of protectlon may 

become d technlcal auestlon; that Is, lt must be determlned uhat 

frequency (or other measure) of standards attainment utll protect 

wrtlcular uses. 

for protectton of human health. the declslon can often be based on 

rtadlly avallablt InformatIon. Rany health crlttrta are based on long 

term (possibly life-time) average exoosures. If the long term mean 

concentration wrt aoproorlatt for the crlttrlon, and If probabtllstlc or 

continuous stmulrtlon aoproaches wre not used, sptclfy3ng a dtslgn 

condltlon that produces the mean conctntrat9on 1s stlll not ntctssarlly a 

trlvlal task. for txanrglt, tt 1s the harmonic (not arlthmttlc) mean flow 

that products the arlthmetlc mean concentration below a slnglc dlschargcr 

(because conctntratlon 1s proportional to the lnverst of dllutlon flow). 

for the prottctlon of aquatic llft the allowable l xctedance frequency 

1s a prrtlcularly dlfflcult ttchnlcal qutstlon. As the crlterla are 

bastd on laboratory tests ulth constant rather than time-variable 

conc8ntratlons, and because moblltty for many sg*-Its 1s less constf*4neQ 
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In the field than In the laboratory, rtlat~vcly ltttlt technlcal data can 

be brought to bear on the question. In the past the question of 

txceedanct frequency has probably not received the attention It 

deserved. It should be recognized that the uncertatnty In the entire 

wrtt load allocatjon analysis 1s a combination of the unctrtalnty In the 
target concentration, the uncertainty ?n the target attalnmtnt frequency, 

and the unctrtalnty In the model predictions. 

4.4 RESOURCE REOUIREHENTS 

In thls ttctlon, trt3matts art presented for conducting a udttr 

quality analysis for a hypothttlcal river. The estimates art based on 

the exper?ence of the EPA Large LdktS Research Station at Grosse Ile, 

Michigan, In developing and applying a toxtc substance model to heavy 
metals in the Flint River and PC8 surveys and model development for 

Saginaw Bay, Lake Huron. 

The l stlmdtes apply to setting up a moue1 comparable to HICHRIV, 

using tuo intensive surveys for callbratlon/vtriflcdtion. The folloulng 

preftnts the assumotlons for uhlch the costs wre estimated: 

I fw major dlschargts. 

2. 50.milt river reach. 

3. Thrta metals and three organic compounds. 

4. Sdmllng points at bridges. 

5. Orgdn!C substdncer reddlly photolyre according to literature. 

6. All capital equtprnent such as laboratory, field, and computer 
l qutpment Is lnstdlled and dvd!lablt. 

The tstlmates apply to an txptrttnctd WI analyst. offlce support, and 

the laboratory and fItId personnel. The trtlmatts exclude standards 

promulgation, permit nagottation, management, and ol*trhtad. 
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The resource estimates are sumnarlttd In Tables 4.3 and 4.4. It ts 

obvious that the most costly component Is for the chemtcal analyses for 

surveys;prrtlcularly the synoptic-type approach for Survey Ho. 1. ThOC 

costs could vary widely depcndlng on unit costs, analytjca? procedures, 

qurllty assurance, etc. me cost for organic analysts asswnts that h!gh 

rerolut?on capIllrry colum CC's are used. Metals are assumed to be 

analyzed uslng graphite furnace rtomlc adrorptlon. 

There may be tnstances where the system ts extremely complex, with 

nonpolnt sources, cumpllcated hydraulics, multiple and Intermittent 

dl scharges, and multiple pollutants that uould uartant surveys over a 

year’s the frame lncludlng avant sampling coverlng a range of 

condltlons. In these casts, If the costs of the surveys arc COmDartd to 

the potential cost of rmtdlal controls, they should be minor. In many 

sltuatlons, the regulatory agency may suggest or rtqutrc that the 

penalttee assist ulth the collrctlon of the necessary ddtd. 

In sumnary, a udste load allocation project may vary from very slmole 

to very complex. The resources estimates presented hertln consldtr a 

typIca problem setting. In the flnel analysis, the use of surveys and 

models depends on the stte and chemical-speclflc problem. 
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SECTION 5.0 

CASE STUDY: MODELING HEAVY METALS TRANSPORT 
IN THE FLINT RIVER 

5.1 INTRODUCTION 

The Flint River project, discussed in this section, was undertaken as 

a demonstration study for the development of procedures that can be used 
in regulating point source discharges of priority pollutants. The 

results of the one year study have served as a technical basis for the 
preparation of this document. Specifically, the field data aided 

considerably in the development of the MICHRIV model. This section 

contains the results of application of the MICHRIV model to the Flint 
River survey of zinc, cadmium, and copper. The emphasis will be on the 
calibration and, to a certain extent, the field testing of the model with 
the Flint data set. The project also serves as an example of data 

acquisition methods for the application of the model to a WLA problem. 

Section 5.2 describes the study reach of the Flint River. Sections 
5.3, 5.4, and 5.5 describe the application of the model to the August, 
1981, the December, 1981, and the March, 1982, survey data. 

5.2 DESCRIPTION OF FLINT RIVER STUDY SITE 

The Flint River, located In Southeastern Michigan, is a major 
tributary to the Saginaw River, a major tributary to Saginaw Bay. The 
Saginaw watershed had been Identified as one of several national priority 
sites. The Flint River is also considered a high priority site for 
development of toxicant WLA procedures by the Michigan Department of 
Natural Resources (MONR). 

The Flint River watershed occupies 3,500 square kilometers (Figure 
5.2.1) and contains significant agricultural and urban development. The 
north and south branches of the river join in Lapeer County and flow in 
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FIGURE 5.2 FLINT RIVER BASIN 
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southwesterly dlrcctlon to the City of Flint. Wlthln thlr reach arc tuo 

Impoundments, Holloway Rcscrvolr and Mott Lake, which are used for 

recreation and occasionally for low flow augmcntatlon in the sufnncr 

months. Downstream from the City of Flint, the river flour northvest 

before jo\nlng the Shtauassee Rlver In Saginaw County. Munlclpalltles 

downstream of Flint lncludt Flushing, Hontrose, and Fosters. 

Because the purpose of thls project uas to study a river system In 

enough data11 to develop a metals transport model, and because there were 

tnsufflclent resources to quantify all sources to the river In the city 

of Flint, the reach selected for the model agpllcatlon was the 60 

kllometers from Ml11 Road (Km 71.9) to Cresswell Road (Km 11.0). fhls 

reach, show fn Flgurt 5.2.2, contains two maJot point discharges of 

metals - Flint wsteuater treatment Blant (Km 70.7) and Genesce Co. HO. 2 

(Ragnone) wastewater treatment plant (Km 41.1). Several trlbutarles, 

also montt 

5.3 FLINT 

The Fl 

Ired, Jotn the rlvtr along the study reach. 

RIVER AUGUST SURVEY 

nt Rlvcr August Survey, conducted during August 4-14, 1981, 

was !nttndtd to develop a quantltatlve cause-effect relatlonshlg bctreen 

metals loadings and rtsultlng concentrations during sumner, low flow 

condltlons. fhlrtttn rlvtr statlons, four tributary streams, and five 

point source discharges utre sampltd durlng the two ucek survey. A ltst 

of the statIons, their dlstanct from the rIvtr mouth In kilometers and 

the sampling schedule for each rtatlon are presented In Table 5.3.1. The 

August survey 1s an txamg’lt of a routtnt monltorlng schedule. Most river 
statlons uert sampled dally; however, four ?IusterD StatIons uere sampled 

at more frequent Intervals as a check on diurnal varlattons. 

TtmfWdturt, dissolved oxygen, pH, alkaltnlty, and conductlvlty were 

measured In the fltld. bnplts utrt alsO flltercd and Dreserved In the 
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TA6LE 5.3.1 SAHPLIJ'IG STATIONS FOR AUGUST, 1981 FLINT RIVER 
HEAVY METALS SURVEY 

Km. Point Samollng Schedule 

FROOOl/Utah Street river StatIon 83.6 

FEOOOl/GM Plant dlschargc 83.4 

FROOOZ/Hamllton Street river StatIOn 81.9 

fR0003/Grand Traverse Street rlvtr Station 79.3 

FR0004/Suartz Creek tributary 79.1 

fROOOS/Chevrolet Street rlvtr StatIOn 77.9 

FR0006/Nlll Road river statlon 71.9 

FEOOOZ/Fllnt WTP dlschargc 70.7 

FR0007/Llnden Road river statlon 70.5 

FEOOAl/Fllnt fly ash pond discharge 70.0 

FEOOAZ/Fllnt fly ash pond discharge 70.0 

FR0008/Elms Road river statlon 66.3 

FR0009/?!aln Street river statlon 61.2 

fAOOlO/Mt. norrls Road river statlon 52.6 

FROOII/Vltnna Road rlvtr statlon 43.5 

FR0012/8rent Run tributary 41.6 

fE0003/Ragnone UWP dlschargt 41.1 

FR0073/East Burt Road river rtatlon 32.1 

fROOlf/Plne Run trtbutary 29.7 

FR0014/511ver Creek trlbutary 2S.2 

FROOlS/N-13 river statton 14.9 

FR0016/Crtssuell Road rlvtr station 11.0 

Grab - every 24 hours 

24 hour composite 

Grab - every 24 hours 

Grab - every 24 hours 

Grab - every 24 hours 
Grab - every 24 hours 

Grab - every 24 hours 

24 hour comuosltc 

Grab - every 24 hours 

Single grab 

Single grab 

tra0 - every 24 hours 

Grab - every 24 hours 

Grab - every 24 hours 

Grab - every 24 hours 

Grab - every 24 hours 

24 hour comooslte 

Grab - every 24 hours 

Grab - every 24 hours 

Grab - every 24 hours 

Grab - every 24 hours 

Grab - every 24 hours 
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field. Hardness, suspended sollds and total and flltrable tlnc, cadmium 

and copper uere analyzed at the Gross8 118 Laboratory. Fltld sampling 

and analytical work was the rtsponslblllty of Cranbrook Institute of 

Scltnct. The USGS, Lanstng Offlct partlclpated In the field work and 

provided flw and ttmr-of-travel lnformatton (Cunmlngs and Miller 1981). 

5,3.1 huwst Survev tlata Sumnary 

During the survey a prtclpltatlon went Interrupted the steady-state 

condltlons that txlsted for the first four days of the survey. The hydro- 

graphs from the USGS gaglng statlons near Flint and Fosters (Figure 

5.3.1) Illustrate the event. fhe wter quallty In the river resDonded 

prtd\ctably to the event, as Illustrated by the hydrograph and various 

time profller at Statlon FRO8 (F\gure 5.3.2). Suspended solids and 

partlculatt metals (as reflected 1n the total metals peaks wlth no change 

ln dissolved phase conctntratlons) peaked In response to the flow event. 

As dlscussed later this phenomenon represented resuspension of sedjments 

from the river bottom caused by hlghtr sheaf stre%s. Also, Ulssolved 

constituents not gartlcularly assoclattd ulth ‘Iedlment mdterlal uere 

dlluted by the Increased flou. This process Is Illustrated by the 

conductlvlty and hardness prof\le. 

Although the event phenomena are qultt lnterestlng, the model aoplled 

1s steady-state. Consequently, the modtllng described here Is restrlcted 

to the first four days of the August survey. Obstrvatlons at each 

statIon 411 be reported as four-day means plus or minus one standard 

devlatlon. 

The necessary input data for the model lncludt basic hydrological and 

mrpho1ogica1 Information on the river and loads of suspended sollds and 

total metals to the system. Table 5.3.2 1s a sumnary of the flous and 

rlvcr geometry from the Hill Road station (fR06) to the Cresswell Road 

statlon (FR16) for the four day steady-state, low-flou period IfI August. 

These values have been tstabllshed prlmarlly from measu-?ments made by 

US6S (Cunmnlngs and Htlltr 1981) during the August survey. 
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TABLE S.3.2 SEGMENTATION, FLOWS. AN0 GEOHLTRY FOR FLINT RIVER 
OURING AUGUST 4-7, 1981 

Scgraent 
No. Boundary 

Stgmtnt Cross- &an 
KIU. flou Scctlonal Otpth 

Polnt mw Area (md) (m) 

Ml11 Road 71.9 

fllnt WfP 70.7 

flint fly ash ponds 70.0 

Oounsttaam of Elms Road 65.0 

Etcnt Run 41.6 

Ragnont WfP 41.1 

Upstream of E. Burt Road 36.0 

Plnc Run 29.7 

Sllucr Creek 25.2 

Crcssucll Road 11.0 

2.66 

4.34 

4.38 

4.38 

4.53 

5.22 

5.22 

5.28 

5.36 

14.5 

20.5 

17.8 

15.7 

22.6 

24.5 

19.5 

17.5 

17.0 

0.4s 

0.64 

0.47 

0.34 

0.47 

0.64 

0.56 

0.56 

0.70 
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for this model application the rlvtr reach from Ml11 Road to 

Cresswell has been dlvldcd lnto 9 stgmtntr. The segmentation ws 

prlmarjly govtrntd by location of point sources and trlbutarlts, although 

changes In river geometry also contributed to stgmtnt boundary 

seltctlons. The segmtntatlon ts also presented In Table 5.3.2, where 

flour dnd geometry are glvtn by segmtnt. 

The upstream boundary cottd.ltlons and the l fflutnt and tributary loads 

for the steady-state ptrtod art prtstnttd In Table 5.3.3. The tuo 

munlclpal plants rcprestnt the major source of mttals to the river. Only 

total mttal loads art reported, because e~ulllbrlum partltlonlng ulth 

sollds 1s assumtd. It should be nottd, however, that \n reality the 
mttals discharged from the flint plant utre prlmarlly In the dissolved 

phase whllt those from the Ragnont plant were prlmarlly In the 

particulate phase. This lnformatlon will be dtscussed further !n the 
modal cal Ibratlon stctlon. 

The model callbratlon was ptrformtd In hro stages. first, the 

suspended sollds slmulatlon ws callbrattd to the txlttlng data. This 

could be done independently of the mtals callbratton s!ncC the sol!ds 

submodtl does not deotnd on mttals Inttractlons or transport. The second 

stag8 conslsttd of callbratlng the thrte metal prcdlctlons without 

alttrlng the susgtndtd sollds callbratlon. 

6lven tht Input data presented In the prtvlo 

paramtttrs at one’s disposal for caltbratlng the 

submodel are susptndtd solids stttllng rate (u,) 

rat8 (ur,), and rollds conccntratlon In the bad 

s section, the only 

suspended solids 

sollds rcsusptns?on 

111 1. 
32 

Slncs the 

sollds tnttahmtnt rat8 or rtruspenston flux (g/#-d) 1s the product of 

Y and n 2, 

fLtuork. 

an extra degree of frttdorn exists In the model 

:‘hts dtgrw of freedom was tllmlnated by flxlng the bed 

sollds concentration based on d p.xl mta;urtmtnts. 

128 



TAM 5.3.3. INlIlA cowoJllows AND POlWl SOURCLS 10 flIH1 RIVLR - 
MEAN COADS fOR AUGUSI 4-7, I961 

source 

lnltlrl Doundrru- 
Hill Road 

fltnt WlP 

flint fly Ash 
Ponds 

Brent Run 

Ragnone WlP 

Plnc Run 

Sllvtr Creek 

v 
2.66 13.5 3100. 7.7 1700. 0.067 15.5 2.9 672. 

1.68 4.1 600. 55. 8000. 0.16 24. a.3 1200. 

0.04 39.5 150. 63. 240. 1.32 5.0 BO. 304. 

0.15 5.9 77. 3.8 49. 0.11 1.46 3.0 48.9 

0.69 50.7 3500. 04. 5000. 5.4 32.2 28.5 1700. 

0.06 7.0 33. 5.0 24. 0.04 0.18 3.8 18.5 

0.085 6.0 50.0 s.0 37. 0.04 0.27 3.0 28.1 
- - 



The typlcal river bottom ulll have a uatcr content between 60 and 95% 

by wfght; therefore, lf the soltds have a speclflc grdvlty of 2.S, the 

solldr concentration In the bed will vary from approxlmattly 50,000 - 

500,000 mg/I of bulk sediment. Based on~some bottbln sdmollng conducted 

during the August survey, a Value of m2 l 200,000 mg/l was selected 

for the rlver reach. 

Slnca the August survey uas durlng a rclatlvcly lou flow period, the 

first solids caltbratlon attempt was made dssumlng the resusptns!on rate 

( urr) uas equal to zero. Furthermore, slncc there uas no reason to 

suspect that the settling rate uould vary dlong the river, cl slnglc value 

of us ws used In all segments. It Is porslble thdt the sollds 

scttllng rate wuld be a function of flow In the rlvtr; houever, the flou 

dlfferencer along the rlvcr uerh not cons!dercd to be stgnlflcant enough 

to Justify segment-to-segment varldtlon of us. The Cdllbfdtlon ulth 

Us 
I 0.25 m/d Is shoun In Figure 5.3.3a. 

The CdltbrdtlOfI In flgura,5.3.3d 1s quite good untj! Just downstream 

of the Ragnone treatment plant (about Km pnt. 35). From th!s po!nt 

dounstrean It stems that the model underprtdlcts suspended sollds. One 

possible cxgldndtton Is that resuspension uas occurring tn the lower 

portion of the river. By apolylng a very small cntralnfnent rate of 4.0 

g/n'-d In segment 7-9 (Km 36.0 11.0) on top of the settling rate of 

0.25 m/d throughout the reach, the CdllbrdtlOn shoun !n FIgurc 5.3.3b was 

obtalned. The above entrdlnment rate corresponds to a resuspension 

velocity of 2.0 x 10 -S 
tidily. 

Justlflcatton for app?ylng a resuspension factor In segment 7-9 comes 

from a revlew of the expertmental uork of Lick (Lee et al. 1981; Fukuda 

dnd Lick 1980) and from a cmarlson of calculated bottom shear stresses 

among segments of the ttvet. Lee et al. (l98?) list five fdctors on 

uh!ch resuspensfon depends: (1) turbulent shear stress at the 

sediment-uater fnttrface; (2) water content of bottom sedl-nts; 
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(3) composltlon (alneralogy, organic content, sire dlstrlbutlon) of 

sediments; (4) activity of bcnthlc OrganlSmS; and (5) verttcal 

dlstrlbutlon of sediment propertles. I.e., mantw of deposttlon. 

The effects of the first tuo factors are qualltatlvely understood. 

Lee et al. (1981) found that for the uestern basln of take Erte, bottom 

sedtment resuspension rate5 uere directly proportlonal to shear stress 

and water content. Sedlmtnts ulth a fine-gralned (clay site) frdctlon 

deposited at the surface uere more edslly tradable than vertically 

well-mlxed stdlmtnts utth the sdme comgosltlon. These constderdtlons 

suggest that resuspension In a pdrtlcular rlvtr may be prcdlcted from an 

mlrlca? relatlonshlp bstuetn entrainment rate dnd shear stress. 

In the case of the Flint River the best Justiflcatlon for Increaslng 

the resuspension velocity belou Km 36 comes from comparing the bottom 

Shtdr stress among vdrlous river segments, using Equdtlon 3.6 (Craf 

1971). for the August steady-state condltlons, bottom shear stress 

values for severdl segments of the Fl!nt River are presented In fable 

5.3.4. Although the absolute vdlues of shear stress are only estimates, 

the reldtlve differences should be valid because of the consistent method 

of calculdtlon. IWe that the three dounstrtam segments have greater 

shear values thdn the four upstream segments. There Is typically a 

threshold value of shear for a given sediment condltlon above which 

entrdjnment rate Increases rdpldly. It 1s possible that for the Flint 

system the threshold value Is In 

It should be noted. neverthe 

posslblc l xpldndtjOrI for tncreds 

Crouth of phytoplankton blomasss 

each dddltlonal 5 ug/L chlorophy 1 

the nelghborhood of 10 dynes/cm'. 

ess, that resurpens~on Is not the only 

ng suspended solids proflles In rivets. 

cdn also produce thl s phenomenon, ujth 
l-d equivalent to 1 fig/I suspended 

sollds (Canale 1983). Unlike resuspension, phytoplankton growth should 

1ncredSt suspended sollds concentrdtlons ulthout lncreaslng total metals 

concentrdtlons. While both Interprttatlonr seem COmpdtdble ulth the 
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TABLE 5.3.4. 80TfOH SHEAR STRESS IN SEGMENTS Of FLINT RIVER 
WRING AUGUST 1981 STEADY-STATE PERIOD 

Segment 
fcgmtnt Boundarlcs Shear Stress 

(KJIL Points) (dynts/cm2) 

1 71.9 - 70.7 3.91 

3 70.0 - 65.9 6.92 

4 65.0 - 41.6 9.07 

6 41.1 - 36.0 4.70 

7 36.0 - 29.7 10.54 

0 29.7 * 25.2 13.4 

9 2S.2 * 11.0 12.5 
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August survey data, resusptnslon would be a more vlablt cxplanatqon 
during the wlnttt surveys (dtscrlbtd later). For the Fltnt RIvtr the 
model’s outfall results d-ra nut pa-rticu~ar~y ~Stfisftlvt to the qutst!on, 

however. 

Once the suspended solids submodtl uas calibrated, only the metal 

partltton cotfflcltnts were used to callbratc the metals predlctlons. 
Stdlmtnt-uater dlffuston of dlssolvtd metals wds constdtred to be 
lnslgnlftcant. 

Callbratton of the rnttals systtm began with observed part1 t?on 

cotfflcltnts and adjusted these values wlthln reason In order to match 
total and dlssolvtd metal profllts. There art so many factors that can 

affect metals partltlonlng that lnsufflclent lnformatlon Is avallaole In 

this cast for p prlorl tstabllshmtnt of partltlon coefflcltnts. Plots of 

tht observed partltlon cotfflcltnts for the three metals In qutstlon 
during the modtllng period art presented tn Figure 5.3.4. These F'eld 

ddtd lndlcate thdt the partltlon coefflcttnt for zinc should fa:l 3etreen 
0.1 and 0.3 Mttg. There 1s a great deal of varlatlon In observed 
cadmium partltlonlng; this varlatlon, between about 0.05 and 0.45 ~/mg, 

1s probably due to dtssolvtd cadmium values btlng nt4r the detectable 
l!mlt. flna?ly, copper dtmonstrated the lowest partltlon\ng ulth a range 

of aooroxlmately a.02 - 0.10 wmg. 

It 1s uorthy of note that for all three metals the Linden Road 

samglts, which are from a sltt Just downstream from the Flint STP 

dlschargt, tended to have loutr partltlon cotfflclents than the 
downstream sttts. Ont possible txglanatlon 1s that the Flint Ulschatge 

contalntd mtals prlmarIly In a d!ssolvtd (fllterablt) state and that an 

tqulllbrlum partltlonlng had not been attalntd ln the flrst few 

kllomtters downstream. The metals In the flint dlschargt averaged 91X, 

84%. and 75% dlssolvtd phase for zinc, cadmlum, and copper, 
rtsptct~~~tly. As the MICHRIV model does not consider adsorption 
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klnetlcr, the way 

partitton coefflc 

Flint dlrcharge. 

to handle this 

lent for approx t 

phenomenon was to lousr the 

mutely four kllomtttrs downstream of the 

The results of the model callbrat?on for the three metals are 
prestnttd jn Flgurts 5.3.5-5.3.10. Table 5.3.5 sunwrlzts the partltton 

coefflcttnts used for callbratlon. Recall that once the soltds model had 

been crllbrated, metals partlttonlng was .thc only temalnlng callbratlon 

paranwter for the metals, For all three metals the lower partltlon 

coefflclents In segments 2 and 3 downstream of the Flint dfschargt art 

necassaty to slmulatt the hlghtr proportion of dissolved metals In this 

region. Also, an Increased partltlon cotfflcltnt for cooper downstream 

of the Ragnone discharge was tmploytd ln the caltbratlon. This uds 

justified by the observed data (Flgurc 5.3.4) as well as the fact that an 

average of 83% of the Ragnone copper dlschdrgt was In a partlculatc phase. 

It 1s tncouragtng to not4 that the rtlatlvt magnltudt of callbratlon 

partition coefflcttnts among the three metals for the August 1981 F:lnt 

study Is the same as was found In a Saglnau 0ay mudtllng effort (Dolan 

and Blerman 1982). Even the absolute callbratlon values utrt qultt 

stallar. Thr callbratlon values for Saginaw Bay were 0.225, 0.145, and 

0.05 Mag for rlnc, cadalum, and copper, rtsptcttvtly. The Flint Rlver 

Ultlmtely flOM lnt0 Sdglndu Bay Via the Shlauasstt and Sdglndw Rlvtrf. 

As Indicated above, the mrtn caljbratlon coefflclents for metals In 

the f?lnt Rlvtr dre the suspended solIds settl!ng (w,) dnd rcsusgtns!on 

(urs) rates and the partltlon cotfflclents for the ttsptctlvt metals. 

A senrltlvlty analysis on these model paramtcrs would be lnstructlvt tn 

detmrtln!ng the accuracy necessary In dtfinlng these paramtttrs for a 

given model prediction accuracy. It would also confirm the need for the 

respective terms In the mode? ftamcwork. 
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fA8LE 5.3.5. CALIBRATION VALUES OF PARTITION COEFFICIENTS In FLINT RIVER 
OURIWG AUGUST 1981 STEAOY-STATE PERIOD 

Stgmtn t Zinc 
Metal Partltlon tocfflclcnt Lk/ms) 

Cddrnl um Cower 

0.20 

2 0.10 0.03 0.03 

3 0.10 0.03 0.03 

4 0.25 0.20 0.05 

5 0.20 0.05 

6 0.2s 0.20 0.09 

7 0.2s 0.20 0.09 

8 0.25 0.20 0.09 

9 0.25 0.20 0.09 
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Results of varying the above model coefflclentr have been evaluated 

In terms of percent change of total and dissolved metal conccntratlons 

(and suspended solids uhen applicable) !n the river for a given percent 

change of each parameter indlvldually. Percent changes of both mdel 

coefftclents and model output are related to the flnal callbratlon run 

presented In the Drevlous subscctlon. FIgure S.3.11 presents the 

predlcted response of suspended sollds, and total and dlssolvtd zinc at 

Km 45 to changes In the sollds settling rate (us). (One hundred 

precent on the x-axls represents the caltbratlon value of us for the 

August survey.) Suspended sollds Is the most scnstt~vc state variable; 

uIth a value of Y 
s 

I 0 overpredlctlng the suspended sollds 

conccntratlon by a factor of 2. No solids settling would lead to an 

overpredlctlon of total tlnc by 50 percent; the extent of this varlatlon 

depends on the partltlon coefflclent. Dlssolvad tlnc (and other 

dissolved metals) are relatively lnscnsltlve to vertical rollds flux 

rates. 

An example of the model response to the uater 

coefflcltnt Is presented In flgure 5.3.12. In th 

rlnc 1s very sensltlve to the choice of partttlon 

column partltlon 

Is case the dlsrolved 

cotfflclent ulth the 

tnt 

atlvely 

Is 

senslttvlty among r#talS depending upon the rclatlve value of 

calibration partltlon coefflclent. Total metal levels are fe 1 

\nsensltlve to changes tn titer column partltlonlng, unless w 

drastically underestlmrted or omttttd altogether. 

flnce steady-state concantratton proflles are not constant In the 

longltud!nal dlrection. the percent change of model output depends on the 

distance along the x-axls over uhlch the coefflctent perturbation Is 

appl le& to demonstrate this concept, the sensttivity analyrls results 

for the August survey are given at four different locations along the 

river: (1) kilometer point 65, 5 km downstream from the Flint discharge; 

(2) kIlometer point 45, 25 km downstream of flint; (3) kilometer point 

3s. about 5 km downstream from the Ragnon dtscharge; and (4) kilometer 

Wnt 10, about 30 kllomcters downstream uf Ragnone. for the settling 
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vcloclty and pdrtftlon coafflclent, the results art presented In Tables 

5.3.6 and 5.3.7. 

5.4 FLINT RIVER OECEHBER SURVEY 

Another survey, conducted during the pertod December l-4, 1981, 

studled mcta? profllcs In the river during a relatively high-flow 

period. It uar also felt that callbratjon of models for toxic substances 

In rlvtrs under djfferent flow reglmcs was an esscntlal step In 

dtvtloplng a model that could be applied to WLA problems wlth confidence. 

Another beneflt dtrlvtd from the Oecesnbtr survey uas the 

demonstratlon of data colltctlon for a steady-state system v!a the slug 

sampl lng method. In thts sampling method a flnlte slug of r\ver water ts 

sampled gerlodlcally as tt moves downstream. Any trtbutarler or point 

sources contributing matetfals to the slug are also sampled as the slug 

gasses these points. fhls approach can provtde an efflclent (tn terms of 

number of samoles requlrcd) wy to obtain a steady-state 1ongItudlna: 

profl'lt of the rlvcr by tllmlndtIng much of the confoundtng Influence of 

diurnal 1Oddlng variations. Conducting tht December survey In thls 

manner provldtd modal callbratlon data In a shorter period of time ar,d 

ulth many fewer samples thdn the August data. 

The parameters mtasured In the Otctmbtr survey were.the same as those 

In the August survey, utth the txceptlon that dttsolved oxygen analysis 

WI ofnltttd. Tht USGS once agaln participated In the field work. Thlr 

time, In addttton to provtdlng djschdrgt measurements. they conducted the 

dye dump and monltorlng to as to colncldt with the water quality 

safapllng. By follwlng the dye slug downstream. the sampling crew wds 

aSSUttd Of COtltCtjfIg Udttr ftOIt the sdmt Slug as It pdSStd the various 

sampltng locatjons along the study reach. A lfst of the sampling 

stations for the Oectmbtr survey Is presented tn Table 5.4.1. 
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TAILL 5.3.6. HOfILL SfYSIlIVll~ TO VARIAlIOH OF SUSPLYDtO SOLIDS St1111116 
VLLOCllV (u,) fOR THf fLlNl lllVtU AUGUST 4-7, 1961 SUUVLV. 

Vartrttin of Y 
(%o~o~~jtbr.ti.n 

Km Pnt. 5s 

Modal Rtsponrt (X chrngt) 

ZnT 2nd Cdl cdd C"T '"d 

65 -15.9 -6.S (0.1 a 
-;;.a 

-- 
:;.6 

-- 
200% 45 -S4.2 -25.0 64.1 -- __ 

35 -21.1 -19.3 to.2 
10 -3S.6 -26.9 -0.3 -;;., 1: -;;.s 1: 

6S -8.3 
150% 4S -32.4 

3S -16.1 
10 -21.1 

-3.4 40.4 -2.4 
-1s.5 62.3 -13.1 
-11.3 80.03 -9.6 
-16.1 -0.2 -14.1 

0 60.1 
42.9 :1*; to.9 
61.3 -4:9 63.0 
41.0 -8.5 b2.0 

6S (9.0 63.7 -0.4 42.7 
50% 4s 647.9 422.9 -2.2 619.6 

35 624.1 411.6 40.02 614.6 
10 b33.1 625.2 40.30 621.8 

0 rl.7 -0.1 
-2.8 68.0 -0.9 
-1.6 47.3 -4.0 
-1.3 (12.8 -3.8 

6s 618.0 67.S -0.8 bS.5 -- -- -- 
4% 4s 4112 453.4 -4.2 b4S.B -- b18.9 -- 

35 tS0.6 b42.3 0 -- -- -- -- 
10 @B2.2 (62.7 to.6 bS3.9 -- 631.3 . - 

'Valut not dettrmlntd. 
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TABLE S.3.7. HOOEl StMSIIIVI1Y 10 VARlAllON OF WAlER COLUMN PAAllllON 
COCC~ICIENI [OR THE fCINT RIVER AUGUSI I- 1, 1981 SURVEY 

- ---- 
Varlrtton of w 

I 
Model Response (X change) 

for arch attr 
(X of crllbrttlon valut) Ka Pnt. In1 2nd Cd1 Cdd C"1 cud 

6S -2.4 -33.2 - - -24.0 -- -19.1 
200% 4s -10.9 -42.0 - - -40.2 -- -2S.l 

3s -1.2 -46.1 -- -44.6 -- -37.0 
10 -5.4 -46.0 -- -44.s -- -37.6 

65 -7.3 -19.3 -1.3 -14.2 -1.8 -10.8 
ISO% 4s -6.1 -26.0 -7.0 -25.1 -6.5 -14.6 

35 -4.2 -29.6 -4.5 -28.5 -4.6 -23.1 
10 -3.0 -29.5 -3.2 -28.S -3.0 -23.0 

65 (2.5 *33.2 62.1 e20.1 -- el3.l 
50% 4s *l3.) eSS.6 613.3 449.1 t0.0 @19.4 

3s 89.6 471.3 -- 464.2 -- e4O.l 
10 46.1 t10.9 as.9 (63.0 *3.4 b39.8 

65 67.B 699.9 -- -- -- -- 

0% 4s bS6.6 b238. -- #187. -- t48.0 
3s 442.8 @4II. -- -- -- -- 
IO 626.0 t374. -- @310. -- ,124. 

l VtIIut not dtttrmlntd. 



TABLE S.3.1. HOOf StNSIIIVIlY 10 VARlAllON Of WAIER COLUMN PARllllOM 
COCffICIfNl fOR TIIL flIN1 RIVER AUGUSI 4 1, 1981 SURVEY 

- -__ --- 
Varlrtlon of a 

I 
Modtl Rtsponrt (X changt) 

for arch wtr 
(W of crltbrrtlon vaht) Km Pnt. In1 Ind w Cdd c"l cud 

6S -2.4 -33.2 -- -24.0 -- -19.1 
200% 4s -10.9 -42.0 - _ -40.2 -- -25.1 

35 -7.2 -46.1 -- -44.6 -- -37.0 
10 -4.4 -46.0 -- -44.5 -- -37.6 

6S -1.3 -19.3 -1.3 -14.2 -1.8 -10.8 
150% 4s -6.1 -26.0 -7.0 -25.1 -6.3 -14.6 

35 -4.2 -29.6 -4.s -28.S -4.6 -23.1 
IO -3.0 -29-S -3.2 -28.S -3.0 -23.0 

6S t2.5 633.2 62.1 t2O.l -- bl3.1 
!m 4s 413.7 b5S.b 13.3 b49.1 *e.u 419.4 

3s 69.6 *?I .3 -- 664.2 -- b40.1 
IO t6.1 t10.9 es.9 063.8 b3.4 e39.8 

-- 

6S 67.0 699.9 -- -w -- -- 
0% 4s b56.6 t230. -- 6167. -- 648.0 

35 (42.8 ,411. -- -- -- -- 
IO 626.0 $374. -- 4310. -- 6124. 

@Value not dtttrmlnad. 



5.4.1 OCcCmbcr Survcv Oata sulnndry 

The Otctmbcr survey actually conslsttd of two dlstlnct slug 

monitoring runs down tht rlvtr. On December 1, 1981, at 7:00 a.m. the 

dye uds dumped at Grand Trdvtrst Sttttt, a point 7.4 kAlometers uDstredm 

of the tnltldl udttr quality sdmgllng stdtlon (Mill Road). fhls 

ptrmltttd the dyt slug to adequately mix ovtr the river cross-sectlon by 

tht tlrnt It rtdched Ml11 Road. At HI11 Road dnd at all subsequent rlver 

stdt~of'ts and flO?nt SOurCt lOCdtjOnS, estirndtcs uere made (based on 

avtrage river velocity tstlmatts) of the time of travel betueen Sdmp'lng 

points along the river. Thcst tst(mdtts were conflrmtd by follow?ng the 

dyt Slug dlOng tht rlvtr and Sdmpllng On-Sftt dt tdCh 1OCdtlOn vld 

fluorometrlc dndlysls when the leddIng edge and peak of the dye slug wds 

passlng. Three wttr qUdl!ty SdIItfIleS were collected dt tdCh location. 

Sepdtated In tlmc by about l/2 hour, as tht dye ws QassIng. An attemu: 

ws made, ln most cdses successfully, to obtajn one udter auallty sample 

prior to wssdge of the geak of dye, one at the peak, and one after 

DdSSdqc Of tht gtd. In this way a good representdtlon of the utter 

qudllty In tht dye slug could be obtalned. 

Hydrograghs of tht Flint River at the H-57 (Vienna Road) and H-:3 

sdmgllng locdtlons during tht utek of the December survey are presented 

In figure 5.4.1. Thtse hydrographs Indlcatt tuo major things. First, 

the dlschdrgt of tht rlvtr during the Otcember survey uds an order of 

magnitude larger than the August lou-flou survey. Stcond, the 

hydrogrdphr art rtd$Ondbly flat. Indlcatlng that the river flow was close 

to shady-statt during tht survey. Thtrt uds a small ptak In tdch 

hydrograph dut to d btltf ralnfall late Tuesday afttrnoon; however, this 

event occurrtd betwtn tW, sawling runs. as lndlcdted In the figure. 

A record of tht dyt slug tlmt-of-trawl dnd sdmpltng tlmts for both 

sdrnpllng runs has been rtconstructtd In Table 5.4.2. A very fortunate 

occurrwct 1s l vldtnt from this table. Tht rtver flow condltlons utre 
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5.4.1 Occember Survey Data Sufrwnary 

The Occcmbcr survey actually conrqsttd of tuo distinct slug 

monltorlng runs down the rivet. On December 1, 1981, at 7:00 a.m. the 

dye uds dumped at Grand Traverse Street, a potnt 7.4 kllometerr upstream 

of the Inlttal water quality samgl!ng statIon (Mqll Road). This 

permitted the dye Slug to adequately mix over the rlvcr cross-sectlon by 

the time It reached Ml 11 Road. At MI'11 Road and at all subsequent rlvcr 

stations and point source locatl’onr, estimates Mere made (based on 

average river velocity estimates) of the time of travel betuecn sampltnq 

points along the rtvcr. These estlfnates utre conflrmed by followtnq the 

dye slug along the rjver and sampling on-rite at each locatIon via 

fluorometrlc analysis uhen the ltadlng edge and peak of the dye slug was 

passtng. Three wter qualjty samoles were collected at each locatton, 

separated In time by about l/2 hour, as the dye uas Dasslng. An attempt 

uds made, In most casts successfully, to obtain one uater quality samDle 

Dr\Or to Passage of the peak of dye, one at the peak, and one after 

Dassaqe of the peak. In this uay a good representat!on of :ne water 

quality In the dye slug could be obtalned. 

Hydrographs of the Flint River at the H-S7 (Vienna Road) and H-13 

samvllng locations durtng the ueek of the December survey dre presented 

In Figure S-4.1. These hydrographr Indicate two major thlnqs. First, 

the dIschUge of the rtvtr during the December survey WI an order of 

wgnltudt larger than the August low-flow survey. Second, the 

hydroqraphs are reasonably flat, Indlcattng that the river flou was close 

to steady-state dwtng the survey. There WI a small peak In each 

hydrograph due to a brief ratnfall late Tuesday afternoon; houtvtr, this 

event occurred bttuttn two saql!ng runs, as tndlcated In the figure. 

A record of the dye slug ttmt-of-travel and sampltng ttmes for both 

samgllng runs has been reconstructed In fable j.4.2. A very fortunate 

occurrmce 1s evident from thts table. The river flow condttjons uere 
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TABLE 5.4.2.. COMPARISON OF OYE CLOUOS TIM-OF-TRAVEL wITH SAMPLING SCHEDULE 
FOR DECWflER, 1981 SURVEY OF FLINT RIVER 

Site Km. Polnt Date 

Arrival of 
Peak Oye 

Concenttatlon* 
Time-of -Tra 

Sdmpllng Times of Peak (hr 

r4111 Road 71.9 12/l/81 1005 0945;1005;1030 3.1 
; ?0006) 12/3/81 1010 0950:1010:1030 3.2 
- tnt WTP 70.7 12/l/81 1030 1005;1035;1105 3.5 

~fEOOO2, 12/3/8l 1035 1005:1025:~045 3.6 
’ “lden Road I 70.5 12/l/81 1045 1015;1045;1115 3.7s 
: r?ooo71 12/3/81 1050 1020:1040:~100 
Elms Road 66.3 12/l/81 1220 1200;1230;1250 ::i 
!FROOO8) 12/3/81 1220 1200:1230:1300 5.3 
4 \n Strttt 61.2 12/1/a\ 1420 1400;1425;14S5 7.3 
; .?0009) 12/3/81 1430 1400:1430:1500 7.5 
qt. HorrIs 52.6 12/l/81 174s 1700;1730;1600 10.75 
i Id (FRO0101 12/3/81 1800 1730:1800:1830 11.0 
i ?nna Road/- 43.5 12/l/81 2120 2020;2050;2145 14.3 
r-57 (FRO0111 12/3/81 2150 2115:2145:2215 14.e 
7'tnont WTP 41.1 12/1/e1 2200 2120;2220;22so 15.0 

:0003 1 12/3/81 
cake Road 

2220 2215;2245;2315 15.3 
30.3 12/l-2/81 2345 2345;0020;0045 16.75 

'cD"O18 12/4/81 0015 0000:0030:0100 17.25 
Run 30.5 12/2/81 0330 0300;0330;0400 20.5 

,aa (FRO0191 12/4/81 0350 0315:0400:0445 20. e 
r-13 14.9 12/2/81 1020 0930;1000;1030 27.3 

0015~ _ 12/4/81 1130 1015:1100:1145 28.5 

3yt dumptd at Grand Traverst Strett (Km. Pt. 79.3) at 7:00 a.m. on It/l/B1 and 12/3/81. 
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very stmtlar during the two samgllng runs, efftctlvely provtdtng a 

repllcatt expertmtnt that permttttd a certatn degree of fltld testing of 

the model. The table tndlcater the success attalned In samollng rlvtr 

stations near the ptak of the dye slug. The ttmt-of-travtl over tht 

study reach from Ml11 Road to M-13 was 24.25 hours for run 1 and 25.33 

hours for run 2. These travel times corresponded to avtrage vtlocttlts 

through the study rtach of 2.35 km/hr (0.653 m/s) and 2.25 km/hr (0.625 

m/s) for runs 1 and 2, ttspcctlvtly. 

Based on discharge measuretntnts, time-of-travtl data, and cross- 

stctlonal area data provtded by USGS. the river reach from Ml11 Road to 

Cressutll Road was segmented and the hydrological and morphologtcal Input 

data utre comotled by segment. Thts lnfonwtlon Is prtstnttd In TabIt 

5.4.3. The same nine stgmtnts used In the August modtl appllcatlon were 

sufftctent for the Oecember survty; however, a flou balance (based on 

avatlablt flou and gaglnq statlon measurements) showed that thtre were 

tributary or groundwter sources of wter to some segmtnts for uhlch no 

accounting ws avallable. Tht segmtnts of corlcern are shown In Tdble 

5.4.3 utth two l ntrtes under the l fegment flow' column; tht fltst entry 

Is the flow at the upstrtam boundary, and the second tntry Is the flow at 

the dounstrtam boundary of the segment. The modtl was set up to handle 

this sttuatjon by dtstrtbuttng the flw tncrcmcnt of any gtvtn segment 

untformly along the length of the stgmtnt. 

The tntttal condtttons at Htll Road and the point sourct loads at tht 

ttl# the dye cloud passed each potnt are presented tn Tables 5.4.4 and 

S.4.S for runs 1 and 2, rrsptcttuely. Once agaln the tw muntclpal 

plants represented the major source of mtals to the river. Both Olants 

had htgher discharge flows tn December than In August, ulth 

correspondingly htghw metals loads. It 1s worthy of note at thts tlmt 

that the suspended sollds and metals loads from the Ragnont plant were 

almst an order of mgnftude greater during run 2 than durtng run 1. 

This occurrence provided an excellent opportunlty to dttermlnt how the 
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TABLE 5.4.3. SEGJXNTATION, FLOWS, AN0 GEOMETRY FOR FLINT RIVER 
OURIN DECEMBER 1981 SURVEY 

Segment Km. Segment Flow Cross-SectIonal Mean Oept 
Number boundary Point (ma/s) Area (ma) (ml 

Run 1 - 12/l-2/81 

Ml11 Road 71.9 

flint WfP 70.7 

Fl tnt Fly Ash Ponds 70.0 

Oounstraam of Clms Road 65.0 

Brent Run 41.6 

Ragnone WTP 41.1 

Upstream of East Burt Rd. 36.0 

Plne Run 29.7 

Sliver Creek 25.2 

Cressuell Road 11.0 

26.3 39 .s 

28.5 44.0 

28.6-29.3 41.3 

29.3-52.3 46.3 

32.9 47.4 

34.0-34.9 62.8 

34.9-36.1 44.6 

36.8 59.5 

37.4 60.9 

1.2 

1.2 

1.0 

0.85 

1.0 

1.2 

1.2 

1.2 

1.3 
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TABLE 5.4.3. (Cont’d.) 

Segment Km. Segment F lou Cross-Secttonal Mean 0~ 
Nuatber Boundary Point (ma/s) Area (ma) 0) 

Run 2 - 1 Z/3-4/81 

Ml11 Road 71.9 

Flint WTP 70.7 

Flint fly Ash Ponds 70.0 

Dounrttaam of Elms Road 65.0 

Brent Run 41.6 

Ragnone WTP 41.1 

Upstream of East Burt Rd. 36.0 

Plne Run 29.7 

Stlver Creek 25.2 

Cresswell Road 11.0 

26.4 39 .5 

28.6 44.0 

29.7-29.0 41.6 

29.0-30.4 46.7 

30.9 47.4 

32.1-33.0 60.9 

33.0-34.1 45.1 

34.7 61.2 

35.2 60.5 

1.2 

1.2 

1.0 

0.85 

1.0 

1.2 

1.2 

1.2 

1.3 
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IAWL 5.4.4. UPSlREAH CONDIIIONS AN0 POICJI SOUUCtS 10 CllWl RIULR - 
FlfA RUN \ OECCHBER 1-2, 1981 

Upstream Bou.~dary- 
ItIll Road 26.35 7.40 16,800 4.0 9120. a.05 114.0 2.0 4550. 

flint WlP 2.19 7.8 1474. 54.3 10,300 0.10 34.0 lb.0 3020. 

flint fly Ash 
Ponds a. 10 23.5 203. 220.0 1900. 2.89 25.0 121.0 1100. 

Brent Run 0.51 7.7 316. 7-b? 375. a.091 4.74 2.93 143. 

Uagnone WlP 1.14 40.7 4010. 75.0 7390. 0.21 20.4 1e.s 1820. 

Pine Run 0.67 5.5 318. 3.33 194. 0.043 2.50 2.10 122. 

Sliver Crk9 0.62 3.5 188. 3.61 197. 0.040 2.15 1.80 96.0 
---- --. 



1ABLL 5.4.5. UPSIALAM CONOIIIONS AN0 POINI SOURCLS 10 CllNl RIVLR - 
fOR RUN 2 OLCtHMR 3-4, 1981 

Dtschargr 
flou 

source (d/s) 
-- -- 

Upstream Boundary 
HW Uoad 26.44 6.5 l4,800 4.61 10,700 0.011 30.0 1.b1 3810. 

Flint WlP 2.21 6.5 1240. 57.0 10,900 a. IO 19.7 22.0 4350. 

fltnt fly Ash 
Ponds a. 10 21.2 183. 212. 1830. 2.19 le.9 220. 1900. 

Brent Run a.51 3.9 Ill. 4.bI 2Ob. a.02 0.00 3.13 138. 

Ragnone til( 1.23 338.0 35,000 400. 42,500 I.41 ISb. 160. 17,000 

Plne Run 0.64 4.9 218. 4.0 220. 0.001 0.38 I.51 86.4 

Sliver Creek 0.50 4.6 198. 4.0 III. 0.021 1.16 1.33 5b.9 



model would perform under stmllar rtvcr flow condlti 

different loads - an exercl se of ten requl red In perf 

al 1oca:lons. Finally, lt should be noted that once 

dlschargcd from the Flint outfalls were primarl ly Ul 

from the Ragnonc discharge uere largely DartIculate. 

ens wl th drastlcally 

ormlng waste load 

agatn the metals 

ssolvtd, uhlle those 

5.4.2 December Survey Model Callbratlon 

The procedure taken In callbratlng the model to the December data wds 

to first calibrate the model using data from run 1 only; then the 

calibrated model uas applied to run 2 data as a field test of the model 

performance under slmllar flow condltlons with very different loadings. 

As ulth the August survey. callbratton of the suspended solIds transport 

system was performed first by adjustment of us and urs; this step was 
followed by callbratlon of the metals system using the resDectfvt 

partltlon coeff!clentt. Degradation and sediment-water dlffuslon of 

dissolved metals have agaln been considered lnslgnlflcant. 

In callbratlng the suspended solids system one should not expect the 

sediment transport regime to be the same In December as It was In 

August. In the higher flow regime of the December survey, one mlgn: 

exoect the rtver to have the capactty to carry larger particulate mdtter, 

which 

formu 

veloc 

ASSUllf 

would have a larger lntrlnslc settling velocity (per Stokes 

a>. On the other hand, higher flows lead to higher stream 

t?es and depths, and thus result In greater bottom shear stress. 

ng that the other factors governtng entrainment are the same, 

the December solldr tcruspenilon veloc!t1et (urs) should also be 

greater than those determined In August. Depcndlng, of course, on the 

magnltudt of change In u s and Y ff, tt 1s posslblt that the ntt flux 

of sollds bttuttn bottom stdlmtnts and ovtrlylng wttt many not be 

slgnlflcantiy dlfftrtnt from the August results. It 1s llktly therefore, 

that because of the characttrlrtlcally shorter dttentlon tlmt In the 

hlghtr fl Y rlvtr System, the longltudlnal dlstrlbutlon of suspended 



sollds In Dectmbtr will not exhlbtt as great a vdrlatlon as was obstrvtd 

In August. 

The hypotheses presented In the atmvt paragraph were largely 

conflrmcd by the callbratlon of the model to the Dtctmber run 1 data. 

CallbratIon values for us and urs for each of the nine segments are 

presented In Table 5.4.6. Illustration of the suspected rtlatlvt 

flatness of the solldr longltudlnal dlstrlbutton and the compartson of 

model SlmlattOn utth field data for run 1 art presented In Figure 5.4.2. 

Once dgaln the cdllbrdtlon was made ulthout varying the stttllng velo- 

city, us. among segments. Because of the greater unctrtalnty In asctr- 

talnlng the factors governing stdlment troslon, It ws felt thdt there 

would more likely be Intersegment vdrldblllty In urs than jn u . A 
S 

settling rate of 0.6 m/d (as opoosed to 0.2s m/d In August) dots not seem 

UnuSudtly high for a rlvtr flOU!ng dt dbOUt five tlmtS the dlschdrge 

rate. Assuming the river suspended sollds 'had a sptclflc gravity of 2.5, 

the tfftctlvt Stokes dlamcttr for 0.6 m/d settling vtloclty would be 3.0 

fl comared ulth 1.8 fl for a settling vtloclty rate of 0.2s m/d. 

The bottom Shtdt stress In the various rlvtr segments CdlCUlated In 

the samt manner ds In tbt August survey ranged frOfU 25 to 54 

dynes /cfn2 . Once agaln the lover segments (7-9) had slightly hlghtr 

valuts than the upper reaches. All these shear stress values art 

conrlderably higher than the 4-13 dynes/cm2 'ange calculated for the 

August flow condltlonr. In fact, both stream vt~octtltr dnd shear 

stresses In Otccnrbtr art roughly three tlmts the August values. It stems 
logtcal, therefore, that the calibrated rtsusptnslon valuts for Dtctmber 

art grerttr In trch stgmtnt (set fable 5.4.6) and greatest In the 

downstream segumtt agaIn. T?itrt are other possible reasons for greater 

downstream erosion rates, rtlattd to fm of the other govtrnlng factors 

nbtntlontd by Lee & d. (1981). The dounstrcam segments of the Flint 

Rlvtr pass through an almost l rcluslvely agricultural area. ptrhdos 
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TABLE 5.4.6. CALIBRATION COEFFICIENT FOR SOLIDS TRANSPORT SYSTEM 
USING FLINT RIVER, OfCfMfR l-2, 1981 (RUN 1) DATA 

Segment 
Settling Vtloclty Rtsusptnston Velocity 

(m/d) (m/d) 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.2x10-4 

a.2x\o'4 

0.4x10-4 

0.4x10-4 

0.4x10-4 

0.2x10-4 

1.2x10-4 

1.0x10-4 

1.0x10-4 



n.o 

I8.Y 

11.1 

8.88 

4.n 

0.Y 



rcrultlng in dlffctcnt bottom sediment charactcrlstlcs. Furthermore, the 

downstream segments tend to have steeper, more loosely packed banks. It 

1s also posslblt that the degosltlonal pattern downstream of the Ragnone 

treatment plant, which tends to discharge high sollds concentrations, 

mlght favor high erosion rates. Temporal varlatlons tn recent 

deposltlonal hlstory for any rtver reach may lead to varlablllty In 

bottom sediment retuspenslon rates for a given flou rcglme. 

Once the solids transport submodel has been calibrated, callbratqon 

for the metals Is performed by adjustment of partltqon coefflclents. The 

final callbratlon values for the three metals tn each segment are 

presented ln Table 5.4.7. A comparIsoo of the model slmulatlons us+ng 

these coefflclents uIth the run 1 field data 1s presented In Flgurts 

5.4.3-5.4.7. The partltlon coefflclents used to generate these 

slmulatlons are very slmllar to those obtained In the August 

callbratlon. Where they do differ, such as for zinc and for cogwr 

dounstrcam of the Ragnone discharge, they tend to be slightly lower for 

the hlghtr flow case. This result might be expected, slnct the sol’lds 

being transported In December are probably sljghtly larger, thus Raving a 

smaller surface area to mass ratlo. 

Once agaln the high fraction of dissolved sollds ?n the Fllnt dls- 

charge forced a callbrat!on ulth lover gartltlon cotfflclents for all 

three metals In stgmcnts t and 3. Also, the copper In the high 

pdrtlculdtt metals load from Ragnone seemed to rcmhln In a parttculatc 

phase through the end of the study reach. There necessary adjustments 

froIII segment to StgmtfIt reflect d nttd to chardctertzt the pdrttttontng 

Of IWtalS In the effluent Streirar ds UC11 ds IfI the river. 

As IndlCdttd earlier, the second plug flw survey grovldtd an 

excellent opportunity to field test the model for Its dblltty to slmuldte 

varidtlon tn rlvtr sollds dnd metals levels for dtfftrent loddllrp 

condltjons under the fakLc flow reglmts. Thts test uas performed oy 
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TABLE 5.4.7. CALIBRATtON VALUES OF PARTITION COEFFtCIENTS 
IN FLINT RIVER DURING DECEMBER l-2.-1981 SURVCY 

Segment Zinc 
Metal Partttlon Coefflcltnt (Q/m) 

Cddrnl um Copoer 

0.20 

0.08 

0.08 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.05 

0.05 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

0.05 

0.03 

0.03 

0.05 

0.0s 

0.07 

0.07 

0.07 

0.07 
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aDplyIng the model to the Occember 3-4, 1981 (run 2) loading data (Table 

5.4.5) and hydrologic data (Table 5.4.3) wlthout adjusting the 

calibration coefflclents (w,, urs, wrn, wed, 8 cu) obtalned using 

run 1 data. The results of this model run are presented In Figurer 5.4.8 

- 5.4.12. The maln dlffcrence In the tuo data sets. of course, was the 

large Increase In sollds and particulate metals discharge from the 

Ragnonc WfP when the second dye cloud (run 2) uas passing. Based on the 

comparison of model predtctlons ulth field data, the model performed 

quite well, wlthout a need for recallbratlon. The only slgntflcant 

falling of the model uas the over-oredIctIon of dissolved cooper 

downstream from the Ragnone discharge. Obviously, ulth particulate 

copper from the Ragnone discharge comprlslng over half of the total load 

of copper tn segments 6-9, a hlghtt pattltlon coeffIc\tnt wou'ld have 

helped to simulate the dlssolued copper proflle. In fact, If one were 

actually callbratlng the model to the run 2 data. the only change from 

the run 1 callbratlon uould be to raise the copper partltjon coeffIclents 

In segment 6-9 from 0.07 Mng to 0.12 k/mg. 

5.5 FLINT RIVER HARCH 1982 SURVEY 

Tht pt\mary goal of the F\\nt R\vtr March Surwty (March 23-26, 1982: 

was to evaluate the status of metals and solIds transport In the river 

during a pcrqod thdt would likely reprtsent the highest discharge flow In 

an annual cycle. It MS fortunate that the survey WI scheduled about 

bo weeks after a maJot snow)elt parlod In southeastern Mlchlgan. At the 

tlfae of the survey the study reach uas UIschargIng water which had 

previously collected In upstrtara reservoirs during the snounelt. The 

flw In the study reach during the survey uas about 4000 cfs (113 

.L) , roughly 4 times the December flow and 20 ttmer the August flow. 

Studying the rtver under this range of flow condltlons provided a good 

Idea of the range that js likely to exist In the values of those 

parameters, such as ;edlment scttltng and resuspens!on vtlocltles and 

partltlon coefflclents, that app..r- fq be flow depend,>t. 
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TA8LE S.S.l. SAMPLING STATION FOR MARCH 1981 FCM RIVER 
HEAVY METALS SURVEY 

StatlotVDcsctlptlon Km. Point 

FR0006/Mlll Road r?vcr rtatlon 71.9 

FEtl002/FlInt WTP alrchargc 70.7 

FEOOAl/Fllnt Fly Ash Pond Ulschatgt 70.0 

FEOOA2/Fllnt Fly Ash Pond Ulschatgt 70.0 

FR0008/Elms Road tlvtr statlon 66.3 

FROOZZ/Hud Creek trlbutary 64.4 

FR0023/Colc Creek trlbutary 60.2 

FROOlO/Mt. Horrls Road river rtatlon 52.6 

FR0024/6rent Creek trlbutary SO.6 

FROOtS/Armstrong Creek trlbutary 44.6 

FROOll/Vlenna Road (M-57) river statlon 43.5 

FR0012/8rent Run trlbutary 41.6 

FE0003iRagnone WfP discharge 41.1 

FROOZO/Blrch Run Road river statlon 30 .s 

FR0017/Plne Run trjbutary 29.7 

FR0014/Sllver Creek tributary 25.2 

FROOlS/M-13 rtvtr statlon 14.9 
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TABLE 5.5.2. HYDROLO6IC AND MORPHOMETRIC INPUTS FOR FLINT RIVER 
MARCH 1982 HEAVY METAL MOOELINC APPLICATION 

Boundary 
Km. Scpent Flou Cross-SectIonal Man th!D 

Point (fP/s) Area (ma) (ml 

Ml1 Road 71.9 

flint WTP 70.7 

flint fly Ash Olschatge 70.0 

Cole Creek 60.0 

Armstrong Creek 44.6 

Ragnone WTP 41.1 

Upstream of East Burt Rd. 36.0 

Plnc Run 29.7 

Sllvct Creek 2S.2 

r)-13 14.9 

93.4 97.5 1.8 

96.1 9s.o 1 .a 

96.2S-99.9 90.0 1.5 

100.7-106.4 110. 1.5 

107.7 96.0 1.6 

110.3-111.7 109. 1.6 

111.7-113.5 85.0 1.8 

115.5 115. 2.2 

117.5 120. 2.2 



TAME 5.5.3. UPSTRLAH COMOIIIOWS AM0 POINT SOURCES IO FLIWI RIVLU 
WEAN LOAOS fOR MARCH 23-26, 1981 

- 

0tscharge 
flOU 

Sourc 8 (a’/s) 
-- 

Upstream iboundary 
Ml\1 Road 93.4 I5.S l25,OOO 

fl\nt CCITP 2.66 5.35 1220. 

fllat fly Ash 
Ponds 0.16 

lhnt Run 1.51 

Ragnone WI P I.12 

Pine lhm 2.0 

Si\vcr Crqek 2.0 

Mud Creek 0.35 

Cole Creek 0.46 

Brent Creek 0.48 

5.04 

13.4 

so.9 

14.0 

14.0 

7.6 

9.0 

11.4 

80.2 

1740. 

4920. 

2420. 

2420. 

228. 

359 * 

412. 

Armstrong Creek 0.76 IS.1 993. 

7.24 58,400 

71.0 16,300 

120. lelo. 0.93 22.5 71.4 1080. 

10.6 1380. 0.032 4.16 5.14 668. 

59.7 5160. 0.25') 24.9 21.8 2690. 

1.0 1210. 0.03 5.19 2.0 346. 

7.0 1210. 0.03 5.19 2.0 364. 

7.0 211. 0.007 0.21 2.30 71.9 

6.5 258. a.007 0.20 2.01 82.2 

6.0 249. 0.045 t.07 2.70 \12. 

7.0 460. 0.03 1.97 I.96 130. 

0.025 

0.11 

202. 

25.5 

2.40 

18.2 

20,000 

4 190. 



Because of the expected short travel time for the study reach In 

March - lt turned out to be about 16 hours - and because of the hlgh 

posslblllty of encounterlng rap!d time VdrtdtlonS durjng the monItorIng, 

the survey strategy was to sample fewer river Stations more frequently. 

Also, more trtbutarles were added to the list In case surface runoff In 

the study reach ws a stgnlflcant source of sollds and assoclattd 

metals. All river statlons were sampled every 4 hours, trIbutarler uere 

samled every 12 hours, and 4-hour composites were collected from point 

source effluents during the 72-hour survey. A list of the samgllng 

stations for the March survey Is presented In Table 5.5.1. 

5.5.1 Hatch Survtv Data Sunmary 

Ourtng the 'It-hour March survey the flint Rlver flow uas receding 

sotneuhat from the flood stage recorded durjng the ragld snomelt. For 

cxamgle, the dlschdrgc at the furthest downstream statjon (M-13) dtowcd 

from aoproxlmately 4500 cfs to 3800 cfs during the survey. This roughly 

15 percent flow decrease, however, dld not awear to negate the 

posslblllty of aoplylng the steady-state model to the data, as evtdenced 

by the relatively narrow spread of conductlvlty and suspended sollds 

value3 at each river station, as Illustrated In Figure 5.5.1.. Baled on 

the hydrologIca and morphological ddta collected during the survey, 

therefore, the segmntatlon, rlvcr flow and geometry used as Input for 

the steady-state node1 are given In Table 5.5.2. 

Inttlal condltlons rnd loads obtained for the March survey are 

presented ln Table 5.5.3. It 1s apparent that flow and loads at the 

upstream boundary exceed the flou and loads of all point sources and 
trlbutarles cotablned. 

The results of calfbratlon of the model to the krch survey data 

are presented In flg,res 5.5.2 - 5.5.6. The calibration uas done uslng 
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larger scttllng and tcsuspcnslon vclocltlcs than used In ~rcvlous 

surveys. The more slgnlflcdnt Increase, however, was In the resusDcnslon 

velocj ty, resultlng In a net flux of solfds from sedlmcnt to ovtrlylng 

uater throughout the study reach. 

The callbrdt!on coefflctents for the sollds transport submodel are 

given In Table 5.5.4. A large gross settling velocity uould be expected 

In a system transport?ng larger gdrtlcles. The Increase In resusDtnSIon 

rates In all segments Is justlfled by the large increase In calculated 

bottom shear stress over the December values, as shown In Table 5.5.4. 

In general, there IS d reasonably good correlation between bottom shear 

stress and cdllbrated rcsuspenrlon rate for a glven rlvtr segment. 

Although Only three data potnts were avdltdble (one for each survey), 

they dld seem to follow a llnear trend, as shown for three samolc 

segments shown In Figure 5.5.7. 

Cdltbrdtlon of the metals data by adjustrng udter column partl:?on 

cocfflc~ents also produced reasonably predictable results. With 

presuntabty larger solids being transported ulth much of the materlal 

ortgtndttng from the river bottom, one mtght expect to set slightly lower 

water colwnn partltlon cotfflclcnts than were ottserved at lover Flow 

condt tlons. Thts hypothesis WI conflrmed by comparing the flnal 

callbrdtlon pdrtttlon coefflctents to average observed values for each 

metal at edCh r?ver statlon durtng the survey (Figure 5.5.8). The 

caltbrdtton values tend to be sltghtly lover then the measured values; 

however, thtr observatton Is often made In natural systems since measured 

values of total pdrttculdtc metals tend to Include a certdtn portlon that 

does not reddlly txchrnge utth the bulk solutton. 
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TABLE S.S.4. CALIBRATION COEFFICIENTS FOR SOLIDS TRANSPORT 
DURING MARCH 1981 FLINT RIVER SURVEY 

Segment 
Scttllng Vcloclty Rcsuspcnslon Velocity Elottom Shear Stress 

(m/d) (m/d) (dynes/cm ) 

0.0 

0.8 

0.8 

0.0 

0.8 

0.8 

0.8 

0.8 

0.8 

1.0x10-4 

1.0x10-4 

2.0x10-4 

2.0x10-4 

2.0x10-4 

2.0x10-.4 

4.0x10-4 

3.0x10-4 

3.OxlD-4 

92.5 

92 .s 

127. 

94.3 

108. 

108. 

176. 

115. 

115. 
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APPENDIX A 

DEVELOPMENT OF MODEL EQUATIONS 

A.1 CONSERVATIVE POLLUTANT 

The basic assumptions in the conservative substance model Is that 

there art no Internal source/sink reactions that significantly affect the 
toxic substance concentration in the receiving water. Only external 
sources of the contaminant, or inflow of dilution water by advection or 
dispersion can alter the contaminant concentration, according to this 
conservative assumption. 

Under the conservative substance assumption, and assuming that longi- 

tudinal dispersion is negligible relative to advective transport, the 
general river transport equation reduces to 

dC 1 d(QC) 
dt A dx (A1) 

Furthermore, application of Equation Al is almost always made under the 
assumption that the river reach in question is at steady-state with a con- 
stant, continuous point discharge of the contaminant in question. Also, flow 

is assumed to be constant over the reach. Under these assumptions, the 
solution for Equation AI is simply 

C(x) = Co; x > 0 

(A2) 
C(x) = Cu; x < 0 , 

where Cu = upstream river concentration of contaminant and Co = river 
contaminant concentration at x = 0 after mixing upstream river water with point 

discharge. The concentration, Co, is determined by performing a mass balance 
for C at x = 0, assuming instantaneous mixing at that point. Therefore, Co Is 

A-l 



calculated from C u, the point source conccntratlon (Cy). the po!nt source 

flow (0,). and upstream river flow (Ou) as follous: 

[ 

5 = 
Ou l 

CJ+CQ, l q 
Qu l Qu 

(A31 

GIvcn the above assumQtlonr, Co Is Independent of x downstream of the 

effluent unless there 1s another downstream d.lschargc of the substance or a 

dllutlon of the substance by Inflou of uncontaminated dllutlng water. 

~ultl~lc point discharges can be handled rcapolyIng Equatqon A3 at each 

successive dlschargt golnt. using the result of the prcvtous dlschargc mass 
balance as the upstream boundary condltIons. 

There Is a large body of llteraturc uhlch suggests that most priority 
pollutants do not behave consetvatlvely In wter bodies. Recent results 

from dynamic mass balance modellng studies of heavy metals and several 

synthetyc organ!cs In the Great Lakes have Indicated nonconscrvattvc 

behavior (Oolan and Bterman, 1981; Rlchardson, et al.. 1983; and Rodgers, 

1981). Fl?nt Rlvcr data (presented later In this sectlon) collected by 
MIchIgan DNR !n 1978 demonstrated that total ZtnC and copper dtd not 

behave conservatively In certain stretches of the river. Unless 

advectlve transport In a given reach Is rapld rcldtlvt to the transport 

and transformation processes dIscussed In Scctton 2.2 or unless relevant 

Internal sourceislnk fluxes Just balance, the Instream concentration of a 

pollutant Is likely to vary 4th longltudlnal distance. 

A.2 NONCONSERVATIVE POLLUTANT - SIMPLE WATER COLUMN ANALYSIS 

Often the net result of the combined effects of transport and transfor- 

mdlon forces acting on a chemical substance 1s a first-order dIt-off of the 

substance ulth dlrtanct (or tlmt-of-travel) downstream from a dlsc'largt. 

This type of concentration proflle cart be slmlatad by IwIng several pro- 

cesses Into a sjnglc first-order loss term applltd to the general river 

transport equation. GIvtn this approach 
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g * c2 d2C 0 dC 

d7 
- A a? - KTc ’ (A4) 

where K T [ttme-'1 ts an aggregate first-order decay coefftclent for the 

substance In question. 

Several further assu,mptlons are often Involved In aoplylng the above 

l quatton to a sDeclftc site. They art as follows: 

1) The river 1s at steady-state ulth resDect to flow and loads; 

2) Concentration of the modeled substance Is uniform over the 
cross-scctlon of the rlvtr (l.c.. one dlmcnslonal system); thus, 
any point dlschargt instantaneously mtxes ulth the river flou at 
the point of discharge; 

3) ~lsQerslon 1s negl!g?ble In the long?tudlnal dtrectton; that Is, 
Only advection Is consldtred rtqntflcant tn the dtrectlon of Flou; 
thus, E I 0 In equation A4; 

4) Flow, cross-sectional area. and mean depth are constant over the 
reach In qucstlon. 

tlven the above assumptions, Equation A4 reduces to 

0 I - i g - KTt. 

The solution to Equation AS 1s 

C(x) 
- Kp 

- C(O)txp(- u ) 

where, U l Average rtver vcloclty In reach [lcngth/tlmt] 

C(0) 8 Inltlal concentration of the modeled substance at x l 0 

[niass/length3]. 

f'ls approach llmlts Itself to only the water column and only oI.e 

form of the -qlT ;tant. 

(AS) 

(Aa) 

There are two mtthods for applying Equation A6 to a problem of 

multtple dtschargcs in a rlvtr system. Slnct Equatton AS Is an ordinary, 
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linear dlffcrentlal tquatlon, the Independent solutions for Indlvldual point 

sources can be addltIvely ruDerImostd to obtatn a total concentration 

profile along the river. Alttrnattvtly, the rlvtr reach In questIon can bt 

seqnmnted according to slgnlflcant changer In rlvtr geometry or flow, or at 

locations of point sources. Then each segment Is modeled stqutntlally 

moving downstream. fht Inltlal (upstream) conctnttatlon of each segment 1s 

determIned by the concentration entertng from the uostrtam segment, 

augmtnttd by any affluent load tnttrtng at the segment boundary. 

6reat cart must be taken !n apo1ylng thjs tyot of model to a speclflc 

site utthout enough fteld data to confirm the valldtty of the aggregate 

decay cotfflclent. RT fbr a particular pollutant may vary from site to 

site, or may vary over time due to changes In controlltng parameters llke 

flou or rlvtr cross-sectIona geometry. 

ApplIcatlon of model to Flint qlvtr August 1978 Data-- 

As a brief examlt of analyrlnq a syrtm ulth first-order decay model 

of the uattr column, metals and suspended sollds data obtalntd during a 

prtl\mlnary survey of the Flint River ~111 be compared to the model 

prtstnttd above. In thts apgllcatlon the aggregate first-order 

coefflcltnt, 5, 1s assumed to be an apparent net settling velocity 

froa the water colum; therefore, 

nr m vp , (A71 

uhtre, Kp First-ordtr loss rate coefflcltnt of total metal or SuSDtndtd 

solids [tir-lJl 

vs. Apgltent net settllnq velocity [ltnqth/tlme), 

H l Mean depth of rtver [length]. 

The study reach of the Flint River used In this Investigatior. was 

from the Utah Street Oam In the city of Flint (Km 83.6) to :ht bridge at 

Crosswell Road (Km 11.0). Oata on rIvtr metals and solIds concentrations 
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and go?nt source Inputs were obtalned from a Mlchlgan ONR survey 

conducted In August of 1978 (Roycraft and Buda, 19'9). Table Al 

sumnary of the point dlschargts consldered In this study, and Tab 
contains the river hydrology and geometry at the tlmt of sampllnq 

lndlcattd In Table AZ. the river reach has been dlvldtd tnto four 

stgmtnts. 

1s a 

le A2 

. As 

Flgurts Al through A3 contain the survey data and mode1 OredICtIOnS 

for total ZlnC. total CoDptr, and suspended sollds, respectlve~y. In 
attemgtlng to slmulate the data points In these figures, the only 

parameter that WI varltd ws the net apparent settling vtloclty, vs. 

uhlch determlnts the stream concentration through Equations A7 and A6. 

Of course. when vs 1s set equal to zero, It lmolles that the pollutant 

1s transported constrvat?vely down the rlvtr. All other parameters, 

those tn Tables Al and A2. and the lnitlal upstream condltlons were held 
constant. 

It 1s apparent that none of the three substances behaved 

conrervatlvtly ulthln the entire study reach; the conservatlvt assumption 

consldtrably OVtr-prtdlCtS the downstream concentratlonr. This type of 

error could be tspeclally Important In sltuatlons where a wstt load must 

be allocattd among nultlplt discharges along a rlvtr reach, since the 
COnSerVatlVt pollutant assumption omlts the effect of dtpuratlon 

occurrlng bttutcn points of discharge. 

In the segment bctwten the F?lnt WTP and the Ragnont plant (Km 

70.7.41.1), total zinc appears to stttlt at an aooartnt rate of 1.0 m/d, 

uhtle total copotr is lost rt a ratt close to 0.5 m/d. The apparent 

stttllng rate for rtnc in thls stgmtnt may be sllghtly less than 1.0 m/d, 

or there may have been an unaccounted for source of rlnc at about 

kllomettr 46. The ava~lablt data base did not germIt this dlstlnctlon. 

The SuSptndc! sollds data and slmulatlons (Flgure AS) conf frm the metal 

f indlngs. In the sagmtnt betaen Vlnt and Ragnont plants, sollds are 

stttllng at a rate betueen 1.0 and 1.25 In/d. The larger net settling 

rata observtd for sollds Is cons!sttnt wlth the assumption that not all 
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source 

TA8l.E Al. POINT DISCHARGES FOR AUGUST 1978 SURVEY 

Flow Loadlnus f ko/dl 
Km (m 1s) Total Zinc Total Cu Susoended SolIds 

C.14./8ulck 83.4 0.09 0.77 0.48 

Fltnt WTP 70.7 0.86 29.. 0 3.6 2,710 

Ragnont WP 41.1 0.84 11 .o 4.0 8,000 

TABLE At. FLINT RIVER HYOROLOCY AWO GEOMETRY FOR AUGUST 1978 SURVEY 

Starting StgWtt Mean Cross-Stctlonal 
Point Length OeDth Area Flou 

Semtnt (Km) (Km) (m) (m2) tm /sl 

1 83.4 1.5 3.0 140 6.2 

2 81.9 11.2 0.66 30 6.2 

3 70.7 29.6 0.66 30 7.06 

4 41.1 30.1 1.0 30.6 7.9 
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the metals In the river are In a pdrtlculatt form; therefore, the 

apparent scttllng rate for metals should be somewha? less than for 

susPended solids. furthermore, the finer-gralned, slower-settling 

pdrtlculdtcs probably hdve a hlgher metals content than the larger, sand 
size pdrticuldtes. 

Some dlfflculty ws encountered In slmulatlng the data downstream of 

the Ragnonc d~schdtgc for all three substances. If the data set 1s !n 
fact reptesentatlve of a steady-state condltlon In this segment (a fact 
uhlch cannot be cstabllshed From such a small sampling), then It aDDears 

thdt the net loss of f!betalS and sollds In this reach uas close to zero. 
fh!s could have been the result of sediment resus~enslon In this segment 
due to hlgher wter veloclttes. fhts behavior Is addressed further In 
SectIon 5.0, uhlch 1s a case study of the more extensive 1981-82 Flint 
data. 

Flndlly, It 1s qutte apparent that the metals' behavior In the rtver 
IS closely related to the suspended sollds' behavior. fhts obsetvatlon, 
coupled ulth the need to know the exposure of aauatlc blota to dissolved 
contdmjnant concentrdtlons, leads to the ratlonale for the somcuhdt.morc 

compl lcated dOOrOdCh described next. 

A.3 UATER-SEDIMENT NOOEL HAVING SEPARATE PARTICULATE AN0 DISSOLVED 
CONTAMINANT PHASES 

One of the amrt rlgnlflcant mechantsms for the movement of pollutants 
through an aquatic environment Is the ddsorptlon or uptdke of the 

chmlcal by both nonvldble and vldble partlculdte matter, followed by the 

transport of the lnteractlng particuldtes. Assocldtlon utth suspended 

matter thus Slgnlflcantly dltert the transport regime of a chemical by 
lnttoduclng dddltlondl trdnSpOrt processes, such as settling and 

resuspanslon. Furthermore, the dssocjdtlon ulth suspended matter can 

lndlrectly dffect the rate and extent of chemlcal transformations and 

1’OtfC dCCW\dtlOnS. For PxdtItple, par l 'tlonlng of a portton of a 

chemical In suspended solids could redu,e the flux of the chemtcal's 

dMolved iahrse Into the blota. thus potenttally reducing Its toxlctty. 
Accordingly, determlnatlon of the fate and potentlal toxjctty of 
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pollutants In atauatlc systems rtqulrts knowledge of two Important 

pr0ctsst1: 1) parttt?onlng of metals between dlssolvtd and particulate 

phases In aquat?c systems, and 2) transport of partlculatt matter (I.e., 

scttllng and rtsuspcnslon) as affected by hydraulics and parttculatt 

ghys?cal properties. 

A conctDtua1 dlagrara of the MICHRIV model Is presented In Flgurt Al; 

nomcn<lature Is presented In fable A3. Note that the calculation scheme 

pcrmltr the estlfrtation of the equlltbriurn partltlonlng of total chemical 

betucen Ulssolved and solld phases In both the uattr column and the 
stdlment bed. Wlth this amroach jt Is ntcts:ary clthtr (a) to sDeclfy 

the (uatcr column) suspended solids conctntratlon as a Daramtttr, or 

(b) to model suspended soltds as a state variable. The former approach 

ts used In the SLSA model; the latter apDtOdCh, descrlbtd btlou, 1s used 
In the MICHRIV model. 

Sett 1 tng, rtsusDtnslon. and burqal apply only to the Dartlculatt 

bound pollutant. Otffuslon between the stdlment port uattr and udter 
column applies only to the dlssolvcd phase. The f 1 rx t-order decay 

coeff!c\tnt reDresents the sum of a number of potent\al processes, most 

of uhlch are Ins!gnlflcant for metals In streams. For organlcs, however, 

the loss rate can Include voldtlltzatlon, hydrolysIr, Dhotolysls, 

chemical oxldatAon. and blodegradatlon (descrlbtd In Sectlon 3). 

In the current version of the HICHRIV model the decay cotffIcltnt 
applies only to the dissolved phase. Volat\llratIon !s a process that 

clearly appl!cs only to the dissolved phase. While hydrolysis, 

photolys~s, ox4datlon, and b\odegradatlon rnay often be far more ragId In 
the dissolved than In the adsorbed phase, there seems to be no consensus 

that this Is true In all cases. Consequently, to malntaln generality the 
decay coefflclent for total pollutant, K, has been formulated below as 

the ue;ghttd SW of dlssolvtd and particulate phase decay coeff?clents, 

Kdfd l Kpfp (ulth approptlate subscrIpts 1 or 2) 
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TABLE A3: NOMENCLATURE FOR WATER-SEDIMENT MODEL 

Parameters Mater Column Sediment 

Conctntratlons 

Total toxlcant (kg/t)* 

Dissolved toxlcant (rg/t)* 

Particulate toxlcant (ug/t)* 

Partjculate toxlcant ( g toxIcant/ 
mg solids) 

Total sollds (mg/t)* 

Toxlcant load (kg/day) 

Sediment DOrOS!ty 

Partltlonlnq 

Dlssolvtd fraction 

Partlculatt fraction 

PartltIon cocfftclent (thg) (v = r/Cd) 

Channel Geometry 

Oounstrcam dlstanct 

Cross-sectional area (rat) 

Oepth (m) 

Flou (m'/sec) 

Velocity (m/set) (U l O/A) 

51 
C 

dl 
C 

Dl 

f d? 
f 

01 

7 

X 

A1 
H1 
9 
“1 

'T2 
C 

d2 
C 

D2 

'2 

"2 
s-e 

0 

fd2 
f 
D2 

T2 
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TABLE A3: NOMCNCLATURE FOR HATER-SEOIMNT MOOCL (Contlnued) 

Parameters water Column Scalmcnt 

Rate Parameter1 

Aggregate decay rate cocfflclcnt U/day) 
- for dlrrolvtd 
- for partlculatc 
- for total (I( = Kdfd + Kpfp) 

Scttltng vtloclty (m/day) 

Rcruspcnston vcloclty (m/day) 

Scdlmentatlon (burlal) velocity (middy) 

Scdlmentatlon loss coefflclent (l/day) 

Dlffuslve exchange coeff\clent (m/bay) 

KU1 
KQl 
Kl 
Y 

S 
-es 

. em 

w-e 

K 
L 

Kd2 
%2 
K2 
*me 

Y 
rs 

% 
K 

s 
K 

L 

l tn terms of bulk volume. 



Wltfitn the conceptual framework of the model shown In Flgurc A4, the 

following assumpttons are used to develop mass balance eryuations: 

1. Constant hydrologlcal and morphological condltlons for eacn r'ver 
segment; 

2. dCT Steady-state condltlons exist: F = gr = 0; 

3. Vertical and lateral unlformlty In water column and sediments; no 
mlxlng zones 

4. (3lsptrslon 1s negllglble In the longjtudlnal dlrectlon; 

5. MO IongItudInal (downstream) movement of the bed: 02 s 0; 

6. No sDatla1 variation of the sollds content of the bed: 
constant (although ml Is not constant). 

rn2 1s 

7. Partttlonlng betueen dlssolved and solld phases 1s raold relative 
to transport and other transfortnatlon klnetlcs. 

The solut?on for pollutant concentrations In such a one-d!mens!onal, 

steady-state system 1s developed below. The solution 1s based on four 

coupled dIfferentId equations representing mdss balances for SolIds In the 

uater column and In the bed, and for the toxlcant In the water column and !n 

the bed. 

Using the subscript 1 fbr wter column varlAbles and the s~osctlg: 2 

for sedlmcnt vartables, the mass balance for sollds suspended In t,?e 
wter column (m,) takes the form: 

(advectlon) (settling) (resusoenslon) 

0 
Ql 9 “I "rs 

--Tpr - Tyl l Ty2 

Assuming that m2 Is not a function of x. and that us and urs dre 

constant, this tquatjon has the solution: 

(Inltlal solids) (rtsusDtndtd sdl !ds) 

-u s x 

Jyw 
=2 . m+O)c 7 9 + ursUs 

[ 
1-e + 1 

(A81 

(A9) 
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It can be seen that m, is a function of the travel tlmc dounstrtam 

(X/U,), tht stttllng vtloclty (us) or Its assoclattd dtoth-dependent 
rata coefftcltnt (us/H,), and the resusDtnslon flux Curs m2). When 

the rtsusptnslon vtloclty (urr) !s zero, the second term drops out of 

Equation A9, and m, Is no longer dependent on m2. In comoaflng Eauatlon 

A9 prtalctlons ulth fltld data lt 1s ImQortant to dCCOunt for al: externd' 

and Internal sources of suspended sollds. One pottnttal Internal source 1s 

phytoplankton grouth: the conctntrdtlon of phytoolankton toltdr may be 200 
fold greater than the concentration of chlorouhyll-a (Canale 1983). 

A second MSS balance tquatlon. thlr one for sollds In the Sea, can 

be urltttn: 

(advectlon) (stttltng) (rcsuspens lon) (burldl) 

O2 dmt 
O.-h r l 

"s 7 vrs m2 _ % m2 

2 H2 n2 H2 

It 9 S aSSUmea that the bed dots not move ( Q2 . 0) and thd t m2 I s 
constant ( dm2/dx n 0). Elthtr of these dSSumgtlOnS causes the ddvectlon 
term to droo out. tonstuuent~y, Euudtlon A10 reduces to dn dlgtDra!c 

tuuatton: 

(stttl Ing) (rtsusptnslon) (burlal) 

(AiQ) 

The stdlmtntatton vcloclty, ud. rtQrtstnts the movement of tmttrldl dounward 
and out of the actlvt stdlmtnt layer, the thickness of uhlch (HZ) dots not 

change ulth tqme. This velocity thus represents the rate of change In tltvatlon 

of the surface of the bed. Ignoring any effect of comgrtsslon of the deep 

stdlmant. If the resuspendlnq flux exceeds the stttllng flux, then ud ts 

negative, ImplyIng that channt1 downcuttIng Is occurrlng. If the downward flux 

exceeds the upward flux. ud 1s posltlvt, Imolylng that the chanrtl bed 's 

rlslng over tjme, for the condjtlons being modeled. Where ChtIIIiCdl +':a, ulthln 

the bed 1s rapid, however, a posltlvt vu cdn dpproxlmatt the sltuatlon uhert 

the settled sollds art transported out of the system as a bed load. 
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The :hlrd mass balance equation 1s for the toxlcant In the bed: 

(ddVeCtlOn) (stttltng) (dlffuslon In) 

0 = O2 %2 u f 

-7 dx' 
s &l 'LfdlcT1 

H2 

l 

d2 

(A12: 

(resusptnslon dnd burlal) (dlffuslon out) (decay) 

(u rs l u) f c d D2 TZ ‘L fd2CT2 

*2 H2 
- ‘;2 52 

The 'dlffuslon out' term dbove dssumes thdt the Sedlmtnt porosity 1s ntgh, 

such that UIssolved concentrations are almost the same whether ex3ressed !n 

terms of Bulk sediment volume or pore water volume. If sediment goroslty 

o Is not htgh, fd2 In Equation Al2 (as well ds In Al3 and A20) Is 
repldced by @fd2, In order to convert dissolved concentratjon from a 

bulk volume basis to an !nttrstjtual volume bas!s. 

Since the advectlon term In Equation Al2 Is agaln zero. the equatlon 

reduces to an algebraic equation tstab.llshlng the reldtlonshlp betueen 

52 
and CT,: 

52 "s fOl l 'C fdl 

cfl B ‘“rst yd) fp2 l K L’d2 ’ ‘2 ‘2 
(A’3; 

8tfort urltlng a fourth mass balance tqudtlon and SOlvlng for CT,, It Is 

worthwhIle to express Equation Al3 In other terms. Since: 

5 * F 
P 

thus, 

52 mz'P1 '2 

F;T= mlfpz T 

(A14) 

(AJS) 
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If a term 0. the ‘scdlmcflt capacity factor' (01Toro et al. 1982), 1s defined 

as: 

8 = 
mtHtfpl 
ml-.* 

then 

cr 

+ 

BHl'2 

H2rl 

Comblnlng Equdtions A13 and A17, and solving for r2/r,, 

‘2 Wmz) Ysfp2 l 

7 = 
KLfdl@lfp2'~fpl) 

1 (u *u f 
rs d) p2* Ll2 '"tH2 

f 

The first term In the numerator Is modlflcd by notlng the Equation All 

rclatlonstitp bctucen u 5’ %s’ and Y 
d’ 

The second term Is modlfled by 
nottng that: 

Consequently, 

r2 by** us) fp2 + KL( r2/y 1 fd2 
7 

1 
*(u 

rs 
l u f 

s) P2 
l 

KL fd2 l K2 H2 

(Al71 

(Ale) 

(A19 

(A201 

The ratios CT2/CT, and r2/r, thus deocnd on the uater-sed1mcnt 

pdrtlcle exchange rater, th8 wttr-stdlment dlffus\on rate. and the decay 

rate uithln stdlannt. They do not depend on the decay rate utthln the uater 

colwm. 
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fhe fourth mass balance eCjUatlOn IS for the toxIcant In the water 

column: 

(advcction) (dew) (scttltng) (dlffuslon out) 

Ql dell u f 
a=- A;- ax - K1 Cl1 - 

I *leTI KLFOlc?l 

Hl 3 

(AZ') 

( resurptnr ton) (dtffuslon In) 

l %tfciZCf2 l ‘LfdZCT2 

"1 T 

Comblntnq Equations A21 and A13 results In: 

*'Tl 
Y f 

S Dl I(Lfcll Or2 )I 
C 

-* 
-5- -- -* - %sfp2 l ‘Lfd2 2 (A22) 

dx Ml "1 H2rl u1 

A17 terms on the t?ght side of the cquatlon arc constant For a Ddr:?cu:dr foac? 

cxccut for CT,, fd,, and fDl (and subsequently 0). The fractjons fd, 

and f 
Pl 

are functions of ml per Equation A19; m, Is a Function of x Der 

Equation A9. However, If the Increments of x are small enough, then rn;, 
f 

dl' 
and f 

Dl 
art esscnttally constant. Consequently u!t?ttn small 

Increments of x, Equatjon A22 has a rImpIt solution: 

"rlfXJ 9 c+b 
- KTx/U, 

(A23: 

where 

(decay) (stttllng) (dlffuston out) (rcsusptns!on) (dtffuston In) 

5 = 9 
l Yrfpl + 

I(Ltdl 0r2 a - (~241 

"1 "1 H2'l 
( YSfD2 l '(Lfd2 > 

By SteOOtng down the reach I- small IncrmePts of x. CT, can be comu:ed 

from the jnput parameters 1 s, rs, KL, *,, f2, H,, H2, m2. K,# 
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K2' 
ana tne Anput soltds and toxlcant loads using Epuatlons 49, Alg, 420, 

At3, and ~24. Then CT2 can be cornouted From CT, using Equation Al3 or 

Al 5. For the Solution to be valtd, the \nCrementS of x must be short enough 

that the relative change In m, Is small wlthIn each Increment. That !s, 

the ?ncrements AX must be shortened unt'll bm,/m, Is small. 

Yhlle Equation A24 1s sat!sfactory as urltten. some slmglIf\cat?on of 

It Is helpful for better understandlng the model. Using the relatlon- 

sh!ps show \n Equdtlonr A19 and Al6. the 'dlffus!on \n' term of Equat?on 

A24 can be put In terms of f d2 and combined u?th the 'cl!ffus'lon out' 

term. Using Eauatlons All and A16, the 'settling term can be expressed 

In terms of resuspewlon and burlal. The result\ng equation As: 

(settling) (resuspension) (net dlffus!on) 

8(urs 
l Y )f 

Kf . K, . dD2 _ OrZYrs fo2 

H2 rlH2 

Meanunllc, Euuatlon A20 can be solved In terms of KL as follows: 

'2 
‘T- (“rS l “dfD2 l 

'2 
- K2 HZ - Curs* ud)fD2 

‘1 

(A25; 

SubstItutlng this rtlatlonshlp Into the 'net dlffurlon' term of fquat!on A25 

causes several terms to cancel out; then, after beflnlng the sedlmtntatlon 

or*burlal rate CocfftcIent as KS ’ up2. the cquat!on can be 

txoressed as: 

Br2 
K1 ’ 11, l ‘t Kz l I(sfp2 c 3 (A27) 

This result expresses KT, the overall rate cocffIc!cnt for Ulsaopearance of 

the toxlcant from the udter column, In,terms of the three avenues for 

ellmlnatlon of the toxlcant ftom the water-scdlment system: dtcav In water, 

decay In ttd\mcnt, a1.J burtal. The rates of stdlment decay and buryal are 
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modlflcd by Or /r 
2 1’ 

which 1s a function of the uattr-stdtmtnt mass ratlo, 

the part! tjontng parameters, the stdlmtnt-uattr exchange Daramtttrs, as well 

as the stdlmtnt decay rate Itself. It might also be noted that for a 

condIllon where W, s TV, 11, s K2 = 0, and urs s 0, th!s model 

reducer to the slm~ltr model expressed by Eauatlon A7. 
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APPENDIX B 

SEDIMENT TRANSPORT CONSIDERATIONS 

The pollutant fraction associated with particulate material is 

determined (at equilibrium) by the partition coefficient and the solids 
concentration. In many natural waters the particulate phase on average 

contains a small percentage of the alkali and alkali-earth metals such as 
sodium and calcium, 20-30% of the strontium and boron. 30-70% of the 
cadmium, zinc, cooper, and mercury, 70-85% of the chromium and lead, and 
98% of the aluminum and Iron (Forstner 1977). The bulk of many 
pollutants is thus carried on particulate material. 

Predicting the transport and fate of particulate-associated 
pollutants requires an understanding of the behavior of particles. 
Predicting particle behavior is, however, one of the most difficult and 
uncertain aspects of water quality modeling. Much of the existing 
knowledge pertains to the larger particles which control the 
configuration of the streambed rather than to the smaller particles 
likely to adsorb many of the toxic pollutants. Consequently, future 
findings in this area may significantly improve predictive abilities. 

B.1 SEDIMENT PROPERTIES 

An individual sedimentary particle may be characterized by its size, 
shape, density, fall velocity, mineral composition, surface texture, and 
other properties. Particle size can be described by a number of 
different measures, including but not limited to (a) nominal diameter - 
the diameter of a sphere having the same volume as the particle, (b) 
sieve diameter - size of sieve opening through which the particle will 
pass, approximately equal to the nominal diameter, and (c) fall diameter 
- diameter of a sphere with specific gravity 2.65 (quartz) that has the 
same all velocity (Richardson 1971, Guy 1970). Table B1 and Figure B1 
show the size ranges corresponding to particle classifications. 
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TA6LE 81. KINDS OF SEDIHEMT MATERIALS AND SIZE CLASS TRANSPORTED 
IN STREAM (from Culbertson 1977) 

Sedlmcnt Sttt Class Node of Transport 

Boulders >256 mn Bed Load 

Cobb1 es 64-256 ma 8td Load 

Grave 1 2-64 mu Bed Load 

Sand 0.062-2 m Bed Load or Susoendtd 

s11t 4-62 urn Suspended 

Clay 0.2-4 um SuSDtndtd 

Organic Ottrltus Bed Load or Susotndtd 

Including leavtr, 
trees bloloqlcal 
rtfnalns, etc. 

0lota Bed Load or SusPended 

Including floatlnq 
and bottom duelllng 
organ I sms 
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fall vcloclty Is the average tcmtnal vcloclty of a mrt!clc fallrng 

alone In qulesccnt dlstllled water. It Is related to a number of 

prrtlcle and fluld characterlstlcs lncludlng particle and fluld 
dcnrltler, fluld vlscoslty, and particle diameter, shape, surface 
texture. and tumbl!ng frewcncy. 

Mineral composttlon Influences dcnrlty, s12e. shape. and thus fall 

velocity. Most mineral scdlments carried by stream flow have a spectf!c 

gravity of around 2.65 (Culbertson 1977). Consequently, the fall 

velocity of quartz spheres havlng speclflc gravlty 2.65 1s used as 

somtunat of a benchmark. ~evtrtheless, substantial varjatlons In densrty 

may be observed, ulth organic particles especially tendlng toward lorer 

dens! ty. 

for sediment transport the most useful expresslon of particle shape 

1s given by the Corey ShaDe factor, c/G, where a, b. and c are the 

lengths of the longest, IntermedIate, and shortest mutually perpend:cular 
axes. resgectlvely (McWoun and Halalka 19SO). 

Bulk sediment 1s a comlex mlxture of dlffcrlng Indlvldual 

particles. Bulk progertles are related to the above Indlvldual 

propcrtlcs and to the wy they are dlstrlbuted. 8ulk propertIes of 

particular lmvortance may be the sIre dlstrlbutlon. speclflc gravtty, 

DOfOStty. dftd coheslvtness. 

Nersured sire distrlbutlons mry bo exOrrssed In a number of different 

uiiys. frequency dlstrlbutlon histograms shou the prevalence of material 

ulthln given class Intervals. cumulrtlvc dlstrlbutlon plots show the 

total percentage of material ulth slra smaller than particular values, 

Cumulative dlstrlbutlon plots can be used to sptclfy quartlle values, 

d25. dsO. and d,5 (uhere dx 1s the diameter greater than x 

percent of the partlclcs). Table 82 shows particle site dlstrlbutlms 

ebserved In raw serge. prlmry effluent, and secondary effluent of one 

aWItClpa11 v (C narountas and Mathtar 1984). figure 82 shows the size 

dlstrlbutlons observed In stream beds of 11 rivers (Guy 1970). Mills et 

al. (1982) also presents some sediment data for several rlvers. 
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TABLE 02. NASS OlSlRt6U1tOU Of fIlIUA6lL SUSf’ENOEO SOllOS IN RAW AN0 IREAlL SEWAGE 

----_- _-- .--- 
P&cent of 161s rets=d tn Im size range -----. --^k-s----- ---a- - -.--_ --.---- 

Cone ,b >O.l .I.0 ,3.0 >s.o >8.0 >12.0 >35 
smp Id W/l *I .o <3.0 c5.0 <6.0 <I2.0 

_-___--- _-----. 

Inf lucnt 
wastewater 

220 
( 150- 400) (4Y2, (a!lO) (Itb, (A, (2l8, 

C 

(t:t24) ( 5t”,0, 

‘AIt sampler from the Unlverrlty of Caltfornta, Odvtr uartcuater treatment plant. 

bBascd on the total mass of ftltrrblr suspended sol\ds rctalned on an 0.1 nlcron filter. 

‘We range between 12-35 m. 

Source: lchobanoglous et al. (l9g3) 41 reported by Bonarountas (1984). 
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TECHNIQUES OF WATER-RESOURCES INVESflGAT1ONS 

bo I I / I 
I I I ; IA // 9 Ire 

0.01 0.1 1 lo 100 1000 10.30r 

l AllTlCLI SIZE. In MlLLlYLTtns 

t- Mhsns8lOorRimrtHudo~Pauo&~ t- suua G8.k *mu Rm*tll~. Me. 
t- Mismu~ Riwr 8t Cure. I II. a- Bruldymm Gnlc at Lmrw. Pr 

3- Mhaoum Rivof n Omufw Ndr. 9- armdywwla crook at Gmoq. pa. 
4 - Repuhhcm Aivu at w Cmtu. Km 10 - Y~lowatmm Rtrer at Bilhqs. Mont 

s- souelPlm8AivunseurhPl~m.Cdo. 11 - W. Corh Rock Creek new Red Lodge. Mont. 

e- Putlbru Aim at WJ)JI4 N. 0.k 

Figura 62. Plrtidtin Distribution of Strernhd Mmeriol typial of 
Indiatd Stmmnr in the Unind Sam (from Guy 1970). 
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The Sttt dlstrlbution of natural scdltncnt 1s ordlnarlIy expected :o 

plot as a straight I'lnt on log probab1llty paoer. If thjs 1s tnt case, 
then the tntdlan ull? equal the gcofwtrlc mean, and the ratla d /d 

SO 16 
and dg,/dSo ulll WUdl the gtomctrlc standard dtvlatlon or 'gradation 

cotfflc~ent.' The ComOictt dlrttlbutlon can thus be dcscrlbed by the 

mcdlan (or gtomttrlc mean) and the gtomttrlc standard dtvlatlon. 

For a glvtn shape, texture, and density, particle size 'Is jnverrely 

proOortlona1 to the particle surface-to-mass ratlo. As discussed In 

Section 3.2, the partltjon cotfFlc!tnt of organic contaminants can be 

related to the uuantjty of organic sollds (\.e., the product of solids 

concentration and Dtrcentdgt organic material) ulthout regard for the 

sollds surface-to-mass ratlo. For metals. however, the partltlon 

cotfflcient ls llkely to be related to the mlneral composltlon and 

surface-to-mass ratlo of the sollds. Tada and Surukl (1982) and to some 

extent Oosrls and Warren (1980) observed hlghtr particulate metal 

concentrations In smaller particles. Hayter and Mehta (1983) present 

slmllar data. as shown in Flgurt 83. Thus, the smaller size fractions, 

particularly the rtadtly transported slit and clay fractions, are 

expected to more strongly affect contamjnant behavior. 

The porosity of bed sedlmtnt 1s a measure of the Interstitial volume 

per unit of bulk volume In place. Poros tty may vary between 0 and 1, 

ulth 0 slgnlfylng 100% solld and 1 slgnifylng 100% water In the bed. 

Poroslty affects the shear strength of the bed, uhtch In turn affects the 

rate of resusgtnslon under various shear stresses or current velocltlts. 

8td porostty must be d1stlngulshtd from Indlvldual particle porosity. 

Cohts~vtncrs dtscrlbtr tht attractlon the jnd’lvldual partjcles have 

for each othtr. Honcohrrlvt scdtmtnts are composed primarily of sand and 

gravel. Cohesfvc scdlmcnts consist of silts and clays. The bchavlor of 

cohcslvt scd1mcnts djfferr from that of noncohtslvt sedlmtnts In some 

Imgortat-b ways. 



u 20 40 80 80 too 
(Cl % < tdum 

Figun 03. Vuirtion of Metal Concentration with Sediment Parwe Sits 
(fmm HIyt8r nd Meha 1983). 



In ruspenslons of noncoheslvt material :ht basic settl’ng unit 1s the 

Indlvldua! grain. Particle InteractIons are strictly mecnantcal, sucn as 
momentum transfer bttuttn collldlng grains. Noncoheslve seU?ment Seds 

resist erosion by the submerged utlght of the lndlvldual gratns. unlch 

rkay provjde mutual support by Interlocking or by frlctlon (Darthentades 

1971). 

Coheslvt stdlmtnts consist of partlcles small enough, with 

surface-to-mass ratio large enough, that thelr surface Dhyslco-chemlca! 

forces may become much more ImDortant than their wtlght. These Forces 

may Include (a) van dtr Uaals Forces, (b) surface electric charges, (c) 

chtmlcal bonds, and (d) lnteractlons of the double layer (counter-ions 

attracted from the solution). These forces are only partially understood 

and may vary ulth the uater l nvltonmtnt (Parthenlades 1971). 

For clay partlcler In dlsttlled udter the net effect of these Force5 

may be repulsion, alloulng enormous COnCentrattOnS t0 be SuSDended dt 

small current velocltlts. However, even smail amounts of dissolved salt 

will bring about partlclt attractlon (through double layer comoresrton), 

resulting In the aggrtgatlon of collldtng particles tnto floes having 

sire and fall vtloclty much larger than those of the Ind!vldua! clay 

partlcler. The basic settling unit Is thus the Floe. the slzt 
ctlstrlbutlon of which may degtnd on the flou condIt!ons and on the 

Dhyslco-ChtfnlCal properties of the wter artd stdlmtnt: Cohestveness 

provldts a sedlmtnt bed ulth addltjonal shear strength to resist 
eroslon. Parthtnladts (1971) notes thdt fresh udters ordlnarlly contain 

enough salt to bring about clay particle Flocculation. Nevertheless, 
Edrwald et al. (1974) and Hayttr and Mthta (1983) Found estuarlnt 

salinity to nwasurably Incrtast fall vtloclty over that In ordjnary fresh 

water. 

6.2 TRANSPORT OF SEDIMENT LOAOS 

The gravity-drlvcn e-wnhlll movement of stream flow 1s rtrlsttd by 

the frIctlon of the flu,d passing over the stream bed. This results In a 

varlatlon of vtloclty with depth: vtloclty decreases near the bottom of 
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the titer column. For the stream flow to keep partlclcs In susDens!on 

the flow turbulence must counter the tendency of the part’lcles to 

settle. Consequently, the stream flou tends to carry heavltr part?clcs 

near the bed. uhllc It Is likely to carry f!nc partlcler more unlform'y 

throughout the uattr column. as Illustrated In Figure 64. 

The total scdIment load (massitlmc) Passing a river cross sectlon can 

be split Into two parts using any of three related but nonequlvalent 

schemes (Thomas 1977) : 

Based on Mode of Transport: 

The jusDended load consists of sediment particles that are 

transported entlrcly utthtn the body of fluid ulth very llttlc contact 

ulth the bed. The bed load conrlsts of DartIcles e!ther roll!ng and 

slldlng along the bed as surface creep or !ntermlttently leaplng Into the 

flou, settling to the bed. and resting on the bed (Sben 1971; AXE 

1975). Such Intermlttant movement Is called saltatlon. As there 1s no 

sharp dlstlnctIon betuetn saltat?on and suspension, there Is llkeu!se no 

sharp boundary betueen suspended load and bed load. The bed load 1 s 
usually a small fraction of the suspended load (Thomas 1977). The 

suspended load plus the bed load equals the total sediment load. 

Based on Samullng CapabIlltles: 

The term measured load refers to that portIon of the sediment load 
that can be naearurtd ulth rampllng equipment. The unmeasured load Is 

the portlon that uould escape detectlon. Current equipment can sample 

over the entltt range of death to wIthIn Inches of the bed. All but a 
small percentage of the total load 1s usually mtasutablt (Thomas 1977). 

Based on AvallabIllty In the Stream 8td: 

This dlvlslon ts basw on par*lclt sltts. Udsh 1oaQ Is that portion 
of the total load cowrlsed of grain sltts flntr than those found I . . 
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Figure 04. Flow-mightad Conchntntiont of Different Pantcjr Sit- 
for the Missouri River at Kansas City (Guy 7970). 
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slgnlflcant quantltlcs In the stream bed. The magn! tudc of the udsh load 

1s controlled by the rate of entry of these particles from the 

terrestrial watershed. The bed materjal load consists of coarser 

partlcler, readily found In the bed; the magnitude of this load 1s 
determined by the ablllty of stream flow to move the bed Particles. H.A. 

Elnsteln (1964) describes this dlstlnctlon as follows: 

Elthcr the avaIlabIlIty of material In the uatershed or the 
transporting ablllty of the stream may llmlt the sediment load at a 
cross section. In most streams the finer part of the load, l.c., the 
part uhlch the flw can easily carry ln large quantltles, Is llmlted 
by Its avallablllty In the titershed. This part of the load Is 
derlgnated as wsh load. The coarser part of the load, l.c., the 
part uhlch Is more dlfflcult to move by floulng wter, 1s llmlted In 
Its rate by the transporting ablllty of the flow between the source 
and the section. Thls part of the load 1s designated as bed materlal 
load. 

Hash load 1s often considered to be slit and clay, uhlle bed materlal 

load would be sand, gravel, and larger matcrlal. However, no unlform 

line of demarkatlon 1s possible since It depends on flow condltlons and 

on sediment sources. 

The bed material load 1s of great Importance ln determlnlng the shape 

and stablllty of stream channels. For this reason considerable 
l nglneerlng research has been directed toward its predlctlon. Elnste!n 
(1950). uslng dyed garttcles. ws able to demonstrate that a continuous 

exchange of partlclts betueen the bed and the wter column takes place In 

a reach where the nwnber of particles leaving the downstream end equals 

the number of partlcler entering the upstream end. Cestler (1971) notes 

that aggradatlon occurs uhen the upstream sediment supply exceeds the 

cagaclty of the flou to transport sedlmtnt out of the reach. Given 

sufficient time, the sediment depositing at the upstream end of the reach 

causes the bed slope to Increase, uhlch In turn Increases the velocity or 

bottom shear stress, thereby lnc;*easlng resuspension until a neu 

l qulllbrlum 1s attained. Degradation, on the other hand, occurs when the 

sediment carrying capacity of the flow exceeds the upstream ;;tpplv rate. 



The resulting net erorlon reduces the slope, whtch In turn reduces the 

velocity or bottom shear stress, thereby reducing resuspension until a 

new equlllbrlum 1s attalned. Thomas (1977) notes that degradlng reaches 
may tend to become lnclsed uhlle aggradlng reaches may tend to meander. 

Despite the amount of study that has gone Into sediment transport, 

accurate predlctlons remain dlfflcult. As discussed briefly In the 

Guidance Manual Book VIII. Screening Procedure (Mills et al. 1982), many 

procedures require data on the suspended sollds conctntratlon at some 

reference depth. The Clnsttln (1950) procedure and Its moUlflcat?ons do 

not rtqulre such data but art rather comultx. The Elnsteln procedures, 
furthermore, Involve only bed material load; uash load Is dtttrmlned by 
external sources and 1s thus not predictable from the stream's stdlment 

carryqng capacity (Nordln and BcOutvey 1971). Nevertheless, !t can be 
noted that many sediment transport formulas can be put In the form 

(Ccssltr 1971): 

9s l a(t - TCP (81) 

uhere g, 1s sediment 'load per unit uldth, T 1s shear stress, tC 

1s a crItica shear stress at uhlch sediments start to move, a 1s some 

coefflclent. and g some poucr. 

Shear stress. t (Newton/m’), 1s given by: 

t 0 tRf (82) 

uhere y 1s the speclflc uelght of udter (aporoxtmattly 9807 N/m3), R 

is the hydraulic radius (III), and 5 1s the slode of the energy grade line 

(m/m) - To obtaln T In dynes/cm2 multiply N/m2 by 10. The 
llng and rtsuspenslon lmoortance of shear stress In controlling both sett 

~111 be further discussed later. 

Shen and Hung (Shen 1971) have suggested ? slmp It l mol rlcal 
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regressIon formula for predlctlng the suspended bed material 

concentration. Using flume and river data they obtatned: 

log C = a0 + alX l a2X2 + AaX ( 83a 1 

x l vl SJ wk (83b) 

here C 1s bed material load concentration (mg/L), V 9s the average 

flou velocity (ft/sec), 5 agaln the energy slope (ft/ft), and W the fall 

velocity (m/set). The regression values art: 

a0 l 
-107404.45!? I 0.007502 

ai = 324214.747 ; n 0.004288 
a2 l -326309.58’2 k l -0.002 400 
a3 l lfi9W7.872 

The standard error of log C uas 0.217 (b8X of the data uds ulthln 0.217 

base 10 logarlthmlc cycles of the predlcted value). 

Equation 83 and all of the numerous other aDOrOaCheS for prtdlct’lng 

bed load and bed mattrlal load may be of llmlttd value for toxlcant 

modeling. Ruth of the toxlcant tmy be adsorbed to the finer particles 

(ulth htgher surface-to-mass ratios) comprlslng the wsh load. By 

deflnltlon of the uash load, these finer particles are not found In the 

stream bed In substantlal quantltles. By lmgllcatlon, toxlcant bound to 

uash load particles wuld have llmlted InteractIon ulth the bed. 

83. DEPOSITION AN0 EROSION 

The net particle flux (pg/cm2/sec) across the bed-uater lnterfact 

can be txoressed as the difference between the deposltlon (settltng) 

flux, SD' and the eroslon (entrainment or resuspension) flux SE 

(Fukuda and Lick 1980). The deposltlon flux Is related to the settling 

velocity, us (cm/sac), and the water column sollds concentration 
-7 

(WI/~), by: 

%I " us q (F4) 
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The troslon flux \s related to the resuspension velocity, urs, and the 

bed solids concentration, m2, by: 

SE - urs m2 (05) 

The assumptlon here Is that deposftton and resusptnrlon are Independent 

processes that can occur slmultantously. 

8.3.1 Dtposltlon 

In evaluating the settltng velocltles of sedtment 3artlcles, three 

ghyslcal processes can be consldertd (O’Mella 1980): (a) gravjty. 
(b) 8roun!an motton or molecular dlffuslon, and (c) turbulent or lamtnar 

fluid shear (velocity gradients). The degree to uhlch each of these 

processes governs gartlcle behavlor depends on the chdracter?stlcs of 

both the flutd and the gartlcles. 

The effect of gravlty on .gartlcle settling can 3e expresses In terms 

of Stokes Law: 

vs l (g/l&J) (Ps - Ad2 I861 

where v s Is the Stokes stttllng vtloctty (cm/stc). g Is the 

acctleratlon of gravity (980 cm/sect), ps - p 1s the dlfftrtnce 
in the densltlts of the particle and of udttr, d Is the spherIca 

oartlcle Uamettr, and Y 1s the absolute vtscoslty of wttr (golst, 

g/cm - set). (Note that Y = WP, where w Is the klnematlc vlscoslty 
(cm2/sec) tabulated ln Figure 3.2.8). The Stokes vtloclty, v , 
apoller to a single particle In a qulesctnt medium. The ef fe:t Ivt 

settling velocity In the field, us, may differ from vs. 

The Stokes scttllng velocity Is quite stnsltlve to the partlclt 

dlamtter; for example, a doubljng of particle diameter uould quadruglt 
the fall velocity. For noncohesive particles, the stre distrlbutlon 1s 

slmgly a property of the Eedlments. for cohesive particles, the slz- 
dtstrlbutlon depends on the properties of both the particles and tl,d 
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flujd. Aggrcgatlon into floes occurs when parttcles having sufflc'lent 

physlco-chemtcal dttractlon collide ulth each other. Such co1 !stons may 
result primlar!ly from Browntan motion for small particles. and fluid 

shear and dlffercnt?al settling vclocltles for larger Dartlc?es. 

Valloul'lS and L!st (1984) have modeled these processes In d 

scdlmentatlon oasln. Olsaggrcgatlon of flocculant particles may a:so 

occur through fluld shear and through colllslons (Lick 1982). Uchrln ana 

Weber (1980) noted that laboratory measured settling velocltles were 

substantia: ly more raDlCl than expected from the Stokes veloc:ty of :.7e 

lndlvldual particles, aooarently due to particle aggregation. 

Vcrtlcal movement of partlcler may also be brought about by 

dlsperslon, conslstlng of Brownlan motion and turbulent dlffuslon 

(tesultlng from eadles produced by fluld shear). Audy from the bed-water 
boundary Brorntan dlffus!on Is expected to be negllglble cornoared w\th 

turbuient dlffuslon. The Importance of turbulent dlffurton relat!ve to 

settllnq can be directly comuared (Lick 1982). A characterlst!c :!me for 

settllnq to occur Is t s H/v s S' 
where H 1s deDth of udter. A 

characterlstlc time for turbulent dlffuslon 1s td B H2/20v, where 

Ov Is the vertical eddy dlffurlvlty. the domjnant mechanism Is thd: 
WI th the shorter characterlstlc time. Increaslnq the particle size ana 

the death favors settl‘lng as the dominant mechanism; lncreasrng the 

turbulence favors dlffuslon (Lick 1982). Thus, the HydroOual (1982) 
recoF;mendatlon to reduce us to perhaps 10% of vs In shdliow streams 
seems consistent ulth this reasoning. 

In this vein Hayter and Hehta (1983). constructing a general model of 

part:cle behavior In l stuafles, aopllcd the relatlonshlp: 

yS = (1 - k' vs 
(87) 

uhere ~c Is a crltlcal shear stress above which llttle deposltlon of 

the sediment uo ld occur (as measured In flume tests). They suggest a 
mlnlmum value of us being 5% ‘rT v . 
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Lick (19a2) apol!es d different line of reasoning to a thin f?;m of 

water near the bed-water Interface. uhere turbulent Otffusron Is assumed 

to decrease. The flux through th‘ls film can be urrt:en: 

where So - SE ( ug/cm2 - set) Is the net downward flux (per 
Eouattons 64 and BS), Ov Is vertical eddy d~ffuslv~ty (cm’isec). rn: 
(mg/l) 1s the particle concentration near the fnterace. L 1s vertlca’ 
UIstance from the bottom. and 0% !I the Broun!an dtffus’v!ty for tYte 

partlcler, given by: 

% ’ 
kf 

37vd 

uhete k 1s the Boltzmann constant (1.38 x lo-l6 g - m2/K - set) and T 

Is absolute temperature. iI8 and vs are thus functions of Dar:rcle 

size; Ov Is a function of shear stress and distance z from the 
bed-wter Interface. When resusDens!on 1s negl~glb~e, the concentrat’on 

gradlent Is posltlve wIthIn the thin film, because mrtkc’es are being 
lost to the bed surface. In this case the flux due to Ddrtlcle Ctffuslon 

adds to the flux due to gravAty scttllng, thereby IncreasIng the rate of 

deDosltlon. 

Comblnlng Equations 64 and 68, Lick (1982 ) determ lned the effective 

scttltng velocl ty us : 

us l v,/ 1 - exo( -vs/vd) (810) 

where v d Is the mtnlmua llmltlng value of us when only d*ffuston 

(both Brounlan and turbulent) 1s consldered. Lick (1982) determlned vd 
to be: 

(59) 
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Vd a 0.06 (T/P)"~ (~/o,d~'~ (811) 

Figure 85 qllustrates the solution of us, vs. and vd over a range 

of particle sires for a shear stress, t, of 10 dynes/cm2. For large 

particles us = vs and the effect of dlffuslon through the boundary 
film Is negllglble. for small particles us I vd ana the effect of 

gravlty settllng Is negllglble. The particle sire at uhlch control of 

degosttlon shifts from dlffuslon to settling depends on shear stress. 

fhls theoretical approach assumes that all particles that hlt the bed 
surface adhere to It. This IImItation might be related to why Increas:ng 

t Increaser us for mall particles, a contrast to the previously 

described emotrlcal apprOaCh (Equation 87), uhere Increasing 1 

decreases us. 

B.3.2 Bed Erosion 

Eroslon or entrainment Is the scour of sediments from any par: of the 

stream bed Into suspension In the uater column. To remove material from 

the bed the flow-generated forces must overcome the ~tabllltlng forces, 

uhlch conrlst of the lmnersed we!ght and (for slit or clay beds) the 

coheslvt strength. Let et al. (1981) and Lick (1982) llst flve factors 

controlling entra\nment: (a) turbulent shear stress at the bed-uater 

Interface, (b) wter content (poroslty) of the bed. (c) sediment 
composltjon, Including olnerology, organic content, and size 

dlstrlbutlon, (d) actlvlty of btnthlc organlsms, (e) vettlcal 

dlstrlbutlon of stdlment proptrtlts, related to the manner of 

dtposltlon. 

Lee et al. (1981) and Fukudr and Lick (1980) found entrainment rates 

to be dtrectly proOortlonr1 to shear stress and uater content. Also, 

sedlmtnts with a fine-graIned (clay sire) fraction deposlted at the 

surface were more easily erodable than vertically well-mlxed st4lmtnts 

ulth the same composltlon. For example, after a brief net deposltlonal 

ptrlod, the Tresllly dtgoslted sediments ~111 tend to have a smaller mean 
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stze and a htghcr wtcr content; therefore, these surface sediments ~111 

be more caslly entraIned when shear stress Increases. 

The eroslon rate may be formulated In terms of the shear stress on 

the bed, T, and tht troslon reslstanct of the bed. The erosjon 

reststance of the bed 1s gtnerally emu!r?cally estlmattd; It cannot be 

prtdlcttd solely from the basic prooertles of partlclt size dlstributlon 

and poroslty. 

FIgurt 66 Illustrates a typlcally measured relatlonshlp betrten 

erosjon flux and shear stress. Once beyond crltlcal shear stress, 

fC, the erosjon flux, SE. ~ncreasts raoldly. In model Ing 

cansot ldated estuarlne beds, Hayttr and Mehta (1983) estimate 

SE = a 1 - T 
C 

( ) ?C 

(0’2) 

where both a and ?c are l mp!rlcally derived constants. 

6.3.3 Particle Exchanse: Continuous Versus Olscontlnuous 

The constrvatlon of stdlment load through a stream reach may occur 

under two cond?tlons: (a) dtposltlon and resusDenslon are occurrlng 

continuously, but at equal rates (SO I SE, or usm, = urs m,). 

or (b) dtgosltlon and rtsurgtnslon rates are both zero. The former 

sttuatlon can be consldtrtd an tqulllbrlum state; the latter cannot. For 

the tqulllbrlum condltlon, the suspended sollds conctntratlon would be 

gtven by ml = Ia2 Yrs/Ys. for the zero rate sltuatlon, whatever 

conctntratlon txlsts at the head of the reach 1s carrltd downstream 

unchangtd. 

fn flumt txptrlmtntf ulth noncohtslvt stdImtnts. Elnsttln (1950) 

dtmonstrattd (using dytd partlclts) that conservation of load uas the 
result of an tqulllbrlura balance bttuetn degosltlon and resuspens!oq. 
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Although tnt conccntratfon did not change, a continuous exchange of 

particles uas occurtlng through the simultaneous Processes of deDo5!t:on 

and resuswnston. 

Whether cohtslve stdlmtnts txhlbit the same behavior 1s ooen to 

qutstlon. For clay particles Parthtnjades (1971) and Hayttr and Menta 

(1983) note evldtnce that the crltlcal shear stress below which no 

troslon can occur 1s greater than the crltlcal shear stress above ~nlch 

no deDosltton can occur. That 1s. there appeared to be a shear stress 
range ulthln uhlch nelther eroslon nor dtoos!tlon Is s'gnlfjcant. di::h!n 

this range the velocity uas SufflClent to prevent the SUSDtndtd wr:!c:es 

from flocculating and adhtrlng to the bed but Insufflclent to break the 
cohesion of the consolidated bed partlclts. Above this range only 

eros!on occurs, uhllt below this range only deposltlon occurs. 

In the experiments ulth lake sedlmtnts. unlch are likely :o be f'ne- 

and more cohesive than rlver stdlments. Lick (1982) observed a complex 

bthdV!Or seem\ngly Intermediate betreen the COntlnuOuS and s!multaneous 
deoosltlon and troslon observed for sand dnd the alternating depos!t!on 

or eroslon observed ulth clay. He found that to a partial degree a 
continuous exchange of particles uds occurrlng through s!mu!taneous 

dtoosltlon and eroslon. SOme types of particles, however, tended to 

remain only In the wttr column; others tended to remdln only In tne bed. 

Lick (1982) thus notes that croslon and deposltlon are not comoletely 

revers!blt and that a hysttresls effect Is often present. for d 

WrtlCUlar shear stress, the steady state concentration will be h!gher If 
the shear stress (and suspended conctntratlon) had been dtcreaslnq over 

time than If It had bttn !ncreaslng over tjrte. 

6.4 SEDIHENT SOURCES 

External sOurCtS of suspended SeQImtnts can orrgln,ct from either 

pvlnt or nonpolnt sourr3. ?olnt sources of sediments are generally 

mlnltnal, and In any event, are easily quantlflable. Nongo!nt sources of 
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concern are governed by natural and culturally accelerated erosjon 

processes . Although urban runoff can have rlgn!flcant locallred Impacts 

on streams (Porcella and Sorenson 1980; Tomltnson et al. 1980). the 

preponderance of redlmcnts delIvered to U.S. streams by accelerated 

erosion are derived by sheet erosion from agricultural lands (OmernIk 

1977). Sheet eroslon Is the uearlng away of a thtn layer of land surface. 

Sheet eroslon rates depend on raInfall and Flow prooertles. so17 
geomorphology and topography, and land use (Including vegetdtlve cover 

and roll management practices). Although predlctlng sol1 loss 1s very 

complicated, the UnIvtrsal So11 Loss Cquatlon, developed by W1schmeler 

and Smith (1960). has been extensively used to est!mate average annual 

sot1 loss In tons/acre. To predict sediment yield of a watershed, the 

USLE Is coupled ulth a 'sedlmtnt delIvery ratlo', the Fraction of an 

area’s sol? loss that actually reaches the stream. Table 63 sumnar!rer 

the range of sedlmtnt yields expected In various regions of tne country. 

OetaIlr on use of the USLE and sedlmen: dellvery ratlo are contalnea 

In Volume VIII of the Culdance Manual (Mills et al. 1962) and In several 

other EPA publlcatlons, Including McElroy et al. (1976). U.S. EPA (1976), 

and Zlson et al. (1977). That materlal ~111 not be repeated here. 

However, It can be noted that For many udter qua1 Ity modeling purposes. 

the utlllty of the USLE 1s constra!ned by being Ilmlted to annual average 
sot1 loss. It tr not Intended For event mudellng (Wlschmeler 1976). To 
predict sediment yield from $Ingle events, Mills et al. (1982) describes 
the WIlllams (1975) modlflcatlon of the USLE. 

Several other approaches are available for predlctlng the sediment 

and pollutant yield of events. For urban runoff these Include U.S. EPA 

(1975). Mills et a?. (1982). Celger and Dorsch (1980). and Klemetson et 

al. (*1980). For agrlcultutal runoff they Include Wtlllams (1980). 

Navotny (1980). and Donlglan and Crawford (1976). Clven sufflcrent 

resources, the methk4 cc choice might be the Agricultural Runoff 

Management Model (ARM) (Donjglan and Oavls 1978). 
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TAOLE 03. SEDIMENT YIELD FROM ORAINACE AREAS OF 100 SOUARE 
MILES OR LESS OF THE UNITED STATES (Todd 1970) 

Regl on Estimated sediment ve+!d 
iilgn Lou Average 

North Atlantic 
South Atlantjc Gulf 
Great Lakes 
Oh10 
Tennessee 

Upper M~sslsslp~l 
Lower Mlsslssl~~1 
Sourls-Red-Rainy 
Mssourl 

ArkdnSdS bib I te-Red 8,210 260 2.200 
Texas Gulf 3,180 90 1) 800 
Rio Grande 3,340 150 1,300 
Upper Co 1 orddo 3,340 150 1,800 
Lower Ca lorado 1,620 150 600 

Great 8asIn 
Columbja-North Paclfqc 
Cal!fornIa 

1,210 30 250 
1,850 100 800 

a00 10 100 
2,110 160 850 
1,560 469 700 

3,900 10 800 
8.270 1,560 5,200 

470 10 50 
6.700 10 1 ) 500 

1,780 
1,100 
5.570 

tonsisq ml /yr 

100 400 
30 40D 
80 1,300 
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Metals in the ambient environment Frequently occur at levels below the 

detection limit of many of the analytical methods commonly employed by State 
and Federal agencies. Consequently, In order to assure obtaining data 

useful for model calibration, the WLA analyst needs to be able to discuss 
the overall adequacy of the methods used by laboratory and field personnel. 
The key issues are (a) the sensitivity, and perhaps accuracy, of the 
analytical methods and (b) the freedom from detectable contamination during 
sample handling, a problem If very sensitive analytical methods are used. 
This appendix describes the sampling and analytical methods found to be 
useful during the Flint River surveys. 

The sampling program began in August 1981 and ended In March 1982. 
During this time. four sampling surveys were conducted on the Flint 

River. Water was analyzed for the total and dissolved forms of cadmium. 

cooper, and zinc. Chemical and physical parameters of the water. which 

are believed to influence metal speciation or to interact with solids, 
were also analyzed. The parameters Included were suspended solids, pH, 

specific conductivity, hardness, dissolved oxygen, total alkalinity, and 
temperature. River flow and velocity were also estimated. 

All aspects of sample collection, filtration, and preservation were 

evaluated so that the final analytical results reflected actual quality 
of the river water sampled. Care was taken to choose equipment made of 
materials that would minimize contamination. 

River water was collected using a half-gallon linear polyethylene 

wide mouth Nalgene bottle fixed to a polypropylene rope with 
stainless steel clamps. The bottle was weighted from below with lead, 
and the bottle mouth was sheltered with a plastic awning or lid suspended 
from the rope Just above It. The purpose of the lid was to keep out 
debris as the sample was pulled up. 
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Sampling uas usually done from brlagts at three marked poslt?ons that 

art at l/4 the dlstanct across the stream, at l/2 the dlstancc, and at 

3/4 the distance. The sampling Utvlct uas lowered qutckly below the 

surface of the wttr. rlnstd once, tmptltd, then fllltd again. Three 

such samples from the varlous brldgt posltlons utrt comblntd In a ttn- 

ltttr polytthyltnt carboy uhIch WI prtvlously rinsed ulth some uattr 

from the first sample. It Is from this composltt sample that an allquot 

for analyslr ws taken. 

A samglt proctsslng schtmt ?s presented In Flgurc Cl. All fllttrlng 

ootratlons uert conducted In the mobllc laboratory as well as pH, con- 

ductlvlty, alkallnlty. and mttal prtstrvatlons. Ttmptraturt dnd 

dlssolvtd oxygen were mtasurtd In-situ. Total metal analysis. dlssolvtd 

metal analysls, and hardness were analyzed at the EPA Large Lakes 

Research Statlon. 

Tract Metals 

Tract mttal samples utrt collected In new Itnear polyethylene bottles 

vashcrl ulth hot wttr In a Ulshuattr, rlnstd ulth delonlztd uattr, ulth 

30% v/v nttrlc acid. and utth dtlonlztd uattr; then they uert soaked In 

2% v/v n!trlc acid for two uetks, rtnstd six ttmes ulth dtlonlrtd uater, 

and drltd In an oven utth the caps ajar. 6ottle blanks uert analyzed to 

Insure that contamlnatlon ws kept to a mtnlmum, and to provide a value 

ustd to correct for low level background contamtnatton. fen of every 100 

bottles utrt randomly selected and analyzed for background levels. A 

blank test ws performed by fllllng the bottles utth a prt-analyzed 
actdlfttd batch of water (31 nltrlc actd/l!ttr). Thlr batch was 

generally belou the dattctlon llmlt for each fnttal. The soluttons In the 

bottles uert then analyzed, and the rtrultlng mean conctntratton ts the 

bottle blank. The stored bottle blank samples uert analyzed ulth the 

rlvtr sampler. 
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Every ttntn samlt ~ncludtd a dup?lCiItt al~quot or split of the 

comooslte water d7kn uds processed tnt same way as any other sample 

colltcttd. The standard devlatlon calculated for samples and thttr 

dugl!cates glvts an tsttmatt of the overall prtclslon, fncludtng hot;? 

FItld and Instrumental varIatlons. 

The folloulng tpuatlon uas used to calculate the standard dtvlatlon. 

Standard dtvlatton 9 : 9 - ubtrt d = dlfftrenct between :he sdmclc dL -- 
k 

and lts dupllcatc 

k S number of duollca:ts 

S\nct the matrix of the samolt can affect the prtclslon, rlvtr water from 

each survey ws handled separately. Set Table C1 for results. Oetectlon 

llml ts for the metals analyzed arc regortcd In Table CL?. 

Certain samolts were analyzed once a day for a number of days as 
“betrctn run* regllcattr (Table Cj). The vdrldblllty of these repilcates 

Is assumed to be due to laboratory and Instrumental procedures only. fhe 

field duollcdtes mentlontd earlltr have potenttally hlghtr standard 

devlatlons slnct there Is addItlona1 vartablllty from fltld techniques, 

1 .t., bottle blanks, ftlterlng and possible non-homogtnlty of the rd:er 

In the 10 composltt samolt. Comoarlng the results of Tables 61 and 63 

suggests that the vartablllty of the results for all the metals uds 

mainly due to laboratory and tnstrumtntal procedures. 

Total rtvtr uattr (unfl lttrtd) uas collected In a 500 ml llntar 

polyethylene bottle prt-cleaned as above. A 100 ma portlon of that 

wttr was fllttrtd through a .4S pm Sartorlus ctllulost acetate 

fllttr. The ftlttrlng apparatus wds a Hllltport polycarbondtt 

Sttrlfll fllttatton systtm. Before use, the system uds soaked In 

4% v/v HNO 3, then rinsed utll uith OtlonIttd titer. The fl lttr was set 

In place. and 50 rnt of dttontrtd uattr uas fllttrcd, then dIscarded. 

Fifty mt of ~a..,,' It was then fIltered and dfscardtd. Sample wdttr ‘as 
then fllttrtd unttl the fllttr began to clog. Before fIlltnq the 175 

ml bottle ulth flltratt, the first 50 ml of flltratt uas used to 
rlnrt tt out. 



TABLE ct. RESULTS OF FIELD DUPLICATES (SPLITS) 

Metal 

Olssolvcd Cd 

Total Cd 

01 ssolvcd Cu 

Total Cu 

Olsrolvcd Zn 

‘Total Zn 

August 1981 Survey - 
flint Rtve 

Number of 
Pa I rf 

19 

18 

19 

18 

20 

18 

Samulcs 

5 tandard 
Oevlat Ion 

LutilL 

.OS 

.07 

1 .l 

.9 

4 

4 

r December 1981 Survey - r 
flint Rlv 

Number of 
Pa \ rs 

6 

7 

7 

7 

7 

7 
i 

= Samulcs 

Standard 
Ocvlatlon 

-b¶L~L 

T.02 

.04 

.I 

.3 

5 

w2 

f 
1 

I 

March 1982 Survey 
fl!nt River Samole. 

’ Standar, 
Number of 

Pa 1 rs 

14 .a3 

14 I .04 

13 [ .5 

14 

14 

13 

.7 

2 

2 

NOTE: If 
: 

[Dctectlon Llmlt] 5 [Measured Metal Concentration] < [aetectlon Llmlt], 

then the result 1s recorded as 7' prectdlng the detectlon Ilmlt. 

If [Measured Metal Conccntratlon] < : (Octectlon Llmlt], then the result I; 

recorded as %P prcccdlng a value : the Oetectlon llmtt. 

Meta 1 

TA8LE cz. OETECTION LIMITS 

I Octectlon LImlt (~gl) 

Cadmium .a2 

Copf?ct .08 

ZltlC 4 



Meta 1 

Olssolved Cd 

Total Cd 

Olssolved Cu 

Total Cu 

Dissolved Zn 

Total Zn 

TABLE C3 RESULTS Of BETMEN-RUN REPLICATES 

Number of Samu~es 

6 

15 

4 

18 

5 

18 

Standard 0evla:lon r,qLn) 

.03 

.07 

.6 

1.2 

w2 

2 



The models 603 and 460 (Perkln Elmer) atomic absorptlon instruments 

equipped with graohlte furnaces weft used to analyze the samples. The 

drying. charrlnq, and atomltatlon program were ogtlmlred for river and ef- 

fluents uslng ootlmlzatlon as dcscrlbed In 'AnalytIcal nethods for Atomic 

Absorption Soectrophotometry Uslnq the HGA Graphtte furnace.' Perkln 

Elmer (t977). See Table C4 for Informatlon on analytlcal condltlonr. 
All flameless analysts were done In duplicate while the flame analysis 

(zinc) was done In trlpllcate. 

If chemical Interferences were present uhlch enhanced or suopressed 

the anaiytlcal atomlzatlon slgnal, then the standard method uas used to 

caicuidte the sample concentration. If no Interferences uete present, 

then sampIes uere calculated directly from a linear reqresslon of the 

synthttlcally prepared metal standards. The latter case still Involved a 

standard addltlon dttermlnatlon on every fifth sample In order to monitor 

recovery. Recovery here 1s dtflned as the slope of the standard addltron 

calculation on a sample, tlmtr 100, dlvtded by tne mean slope of the 

standard addltlon on standards. 

No chemical Interferences were found uhen analyzing copper and rlnc. 
However, since lnttrferences were present uhlch suppressed the analytlcal 

slqna’l for cadmium, standard addltlons were used to determine the 

concentrdtlon of this metal. 

Standards utrt prepared fresh dally and acldlfled (3 mR 
HN03/l). TypICally, 5 standards were UIgesttd along ulth every 20 

samples and 3 blanks. The dlgtstlon procedure uas a modIfled nltrlc acid 

dlgtstton for total metal dtttrmlnatlon from ‘Nethods for Chemical 

Analysis of Udttr and bastes’ (U.S. C.P.A., 1974). Hydrochiorlc acid uas 
cllmlnated frown the EPA procedure due to the Interference of chloride lon 

ultfl the analyrls of zinc and cadmluw (Analytlcal Methods for furnace 
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1AUt C4 ANACVI lCA1 CUNDlllONS 
---. - 

-J&m- 

Cadm\um 

Coppe f 

Method 

Grrph\tc furnrct 
A.M. 

Grrphltt furnct 
A.A. 

f lrmt Atomic 
Abrorptlon 

- - 

In$trumeflt 

Ptrkln t lmer 460 

Ptrkjn flmer 460 

PerkIn tlmcr 603 

-- 
Wave Length 

-.--ml -- 

22e.e 

324. I 

213.9 

-- 

- 

tamp 

Cd t Iec t rodeItrr 
Dlscharqt Lamp 

cu Hollou 
Cathode lamp 

In t~ollou 
Cathode lamp 

Background' 
co~JtctJon7 

Yes 

Yes 

Yes 

--.. -_- 
Iyp\cal Worklnq‘ 

(la!!9t!ILr9~ _. - 

.02 - .5 

-08 - 10 

4 - I50 

*Background c _. rtctlon was l rptclrlly Important to take care of non-rpeclflc rtmlc abrorptlon for Cd and Zinc 
rnr\yr\r . 



Atomic Abrorptlon Socctroscopy, Pcrkln Elmer. 1980). The dtges:ed biankf 

conslstcd of delonlzcd uattr plus the same amount of HHO 3 added, to the 

samples and standards. The medtan absorbence of the blanks was used to 

correct the sdmules. OIgested standards were corrected by a standard 

blank. Calculations of concentrations were then based on these cortec:ed 

abrotbcnccs. The flltcred samples (dlssolvtd) received no sample 

pretreatment. 

In order to determlne contamlnat!on \ntroduceU In the fl:ter’ng 

process, tuo filter blanks were taken In each eight-hour snlft In :he 

field. fh!s lnvolvtd fllterlng an altquot of delonlzed water. An 

unfiltered sample of this delonlztd uatcr was dlso taken at the same :jme. 

This unftltered sample 1s the batch blank In Table CS. The andiytlcal 

results of the two types of samples were cornoared; If they were eaua!. 

then no fllterlng contamjnatlon uas belleve to occur. Eauallty nere 15 

conflrmcd by a T test. The results In Table 2 show :hat no correct!on 

was reaulred for the fliterlng process In tr)e August, December, and %rcti 

surveys. 

SlnCe the filter blank results from both a bottle blank and d blank 

for the fllttrlng process, It Is assumed that If the filter blank uere 

ncgllglble, then the bottle blank would also be negllglble. Thlr udS :ne 

case for all the metals during the surveys except for copoer In August 

1901. Bottle blanks were therefore checked for copper In the August 1981 

set. The levels found In these bottles were below the detectlon llmtt 

for all three metals. We therefore concluded that the .447 rg/t Cu 

In the sample of batch udter ws due to the copper In the batch water 

only. 

Trace metal uater samples uert preserved by aadtng 3 ml of nf403 

per liter of sample. Sdmgler uere refrigerated at 7.C. 
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TABLE C5. FILTRATION BLANKS 

(Note: 6.6. - Batch Blank and F.B. = Filter Blank) 

Standard 
Hean Oevlat ion 

Number t Id/L) t uw 1 T-lest 
(6.B.. F.B.) (8.8.. F.B.) (6.8.. f.8.) Result Meta 1 Survey 

Cadm! urn Aug. 81 

Cddrnl uln Dec. 81 

Cadml um Mar. 82 

CopDer Aug. 81 

Copper Oec. 81 

CoDper Mar. 82 

Zinc Aug. 81 

Zinc Dec. 81 

Zinc Mar. 82 

47, 47 0.011, 0.022 0.022, O.U27 ! *Same 

15, 13 0.001, -0.001 0.008 0.009 Same 

18. 18 : 0.018. a.038 0.009. 0.108 Same 

47, 47 ' 0.447, 0.562 

1s. 13 -0.067, 0.092 

17, 17 -0.026, -0.104 

47, 47 0.681, 0.745 

16, 14 2.938, 3.143 

18, 18 -13.487, -0.394 

0.440, 0.563 Same 

0.209. 0.263 Same 

0.494. 0.239 Same 

1.476, 2.027 Same 

1.769. 2.107 Sdme 

1.889, 1.83 Sdmt 

*At the 95% confidence level the mtan batch blanks and filter blanks uere 
equa 1 ; therefore. no blank correction WI needed for the fllterlng process, 
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Results of several Intercompdrtson studies art presented In Table 

lx. In both of these scrles, performance ws cons!dered ‘good.’ The 
true values of the unknowns fell uttnln our 95% confidence Interval. 
Thts Interval 1s defined as our reported result plus or mlnus two 
standard devlat?onr. 

For both digested and dlsrolved samples, ftve standards were run at 

the beglnnlng and end of each day’s run. Half of the standards at the 

beg~nn!ng of the day uere spiked utth known standards (standard 

addltlons). The remalnlng standards ucre spiked at the end of the day. 
The average slope of these standard addltlons to standards uas used In 
the denominator of the recovery formula. 

Conventlonal Parameters 

Methods used for non-metal parameters are descr!bed In Table ET. DIE- 
solved oxygen and temperature uere In-situ measurements. Speclflc con- 
duct tvlty, pH, total alkallnlty, and total non-fllterable reslduc 

(suspended soltds) were analyzed In the mobile laboratory. Hardness uas 
analyzed at the Crosse Ile. Lab. 
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TABLE 2 INTERCOMPARISON MITti U.S. EPA ENVIRONMENTAL MONITORING ANO 

SUPPORT LABORATORY. CINCINNATI 

(Conccntratlonr In ug/l) 

O.C. Scrlcr 

575 

Sdmolc 1 t.31. .46) 

L 
cu 

(Result. True Value) 

(7.6, 8.0) 

(1.4, 1.4) 

Zn 

(Result. True Value1 

(65. 60) 

(16.7, 12) 

(29, 30) 
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TABLE C7. ANALYTICAL METHOOS - CONVENTIONAL PARAMETERS 

Dissolved 
Oxygen 

Dlssolvtd 
Oxygen Probe 

Speclflc Electtlcal 
Conductlvlty Conductance 

pH Electrode 

Alkallnlty, 
Total 

fltratjon to 
PH 4.5 ulth 
.otn H so 

Residue, Total Cravlmetrlc 
Non-Fllterablc Measurement 

Hardness Tltrlmetrlc 

Euu 1 pment/ 
fnstrumcntation 

Thermometer Standard Methods (1975) 

Yellow Sgrlngs 
Instruments Co., Inc. 

Beckman Conductjvjty 
Btldge (Model RC-19) 

Flshcr Accumet (Model Fisher Instrument Manual 
520 pH/ION meter) No. 26285 

Fisher Automatic 
fltratlon Model 471 

GTF Filters (Whabtin) j EPA, Methods for Caemlcal 
Sattotlous 2003 MPl 1 Analysts of water and 
balance ' Wastes (1974) 

Flrher Automatic 
fttratlon Model 471 
Used In the Manual 
Mode 

Source of Method 

Ycllou Springs Instruments 
Co., Inc. 

Beckman Manual (1973) 

EPA, Methods for Chemlca? 
Analysis of Water and 
Wastes (1979) 

Standard Methods for the 
E’xam1natlon of Water and 
Wdsteuater, 14th Ed. (1975) 
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APPENDIX D 

BEHAVIOR OF HALOGEN DISINFECTION RESIDUALS 

This appendix presents information on the aquatic fate of wastewater 
disinfection residuals. This discussion has been added at the request of 
the Office of Water Programs Operations (Construction Grants), 

recognizing that (a) chlorine residuals art commonly discharged in 
quantities toxic to aquatic life, and (b) chlorine is not discussed in 
the portion of the Guidance Manual covering 800, 00, and ammonia 
(Driscoll et al. 1983). and since it is not a "priority pollutant", it is 
not covered by Mabey et al. (1982) and Callahan et al. (1979). 

As chlorination is by far the most common disinfection practice in 

this country, the emphasis is on chlorine residuals; nevertheless, some 
information on bromine chloride is also included. The discussion is 

intended to apply to fresh water; halogen chemistry in saltwater, 

described by Haag and Lietzke (1981). Is not identical to that in fresh 

water. 

The discussion is limited to the fate of halogen oxidants. It does 

not deal with the formation of halogenated organic by-products; such 
formation is of minor Importance In determining the half-lift of the 
disinfectant Itself. Although some of these by-products may be 
carcinogenic, their production is of greater public health significance 
during potable water treatment than during wastewater disinfection 

(Metcalf & Eddy 1982). Information on production of halogenated organics 
is provided by the National Research Council (1979) and Jolley (1975). 
It is worth noting here, however, that the formation of trihalomethanes 
(the by-products of greatest concern) appears to be depressed by the 
presence of ammonia, a usual constituent of municipal wastewaters that 
have not undergone complete nitrification (Metcalf & Eddy 1982). 

The following discussion has been edited from the Metcalf & Eddy 
(1982) report. Impacts of Wastewater Disinfection Practices on Coldwater 
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Flshcr’lcs. Addltlonal dctatls on dlslnfcctant chemistry can be found In 

ucber ( 1972). 

0.1 AOUATIC FATE 

Most uasteudter treatment plants dlrcharge effluent through an 

outfall pipe or through a small ditch uhlch then combines ulth the 

recelvlng uater. In such cases, Inltlal mtxlng of the effluent depends 

upon the outfall or ditch characterlstlcs, the river characterlstlcs. and 

the magnitude of flous of each. For a feu large treatment plants, waste 

Is discharged through submerged multi-port diffusers. 

A cornnon method of l stlmatlng the dllutlon of wstewdtcr effluent 1s 

to calcuatc the ratio of river flow to effluent dlschdrge flou. fhl s 

number may range several orders of rnagnltude. Typlcal ratios may be 100 

for small plants dlscharglng to average steed rivers, and 1 or 2 for 

plants discharging to small trtbutarles. 

The pitfall of using the ratto of flour to l stlmatc dllutlon 1s that 

complete mixing (lateral and vertical) 1s Impllcltly assumed. In cases 

of small trlbutartes uith low dlluttons (e.g., 1 or 2) thIr may be a 
reasonable assumgtton. Houevcr , for higher dllutlons (e.g., 100 or 

fn-e), a long distance Is often necessary to comglete the lateral mlxlng 
process. In most cases, comoletc vertical dxlng may be a reaonable 

assqatlon. 

Chlorlne 

The lnltlal chemical redctlons of chlotlnc In aqueous solution depend 

on the apollcatlon form. Chlorine gas hydrolyzes In solution as shown 

below: 

c12 6 H20 -HOC1 * tt* l cl- 

fhls ccactlon Is ragld and esscntlally couplet? If the pH Is greater than 
6. Appllcatlon of sodium or calcium hypOChlOr?te ~111 yield bypochlorlte 
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ion (OCl’) initjally, whfch wtll raDldly astabllsh cqulllbrjum dth 

hyDochlotous acid (HOCI): 

km7 l H 0-E HOC1 
c 

2 
+ Ha + OH- 

Chlortnt prtscnt In wastewater or rtcelv?ng uatcrr Is usually 

mtasurcd as total rcrldual chlorlnt {TRC). TRC Is tht sum of fret 
rtrldual chlorlnc and combfntd rtsldual chlorine. Free tesIeua1 chlot?nc 

(FRC) Is the fttt avajlablt axldant tn soIutIon conslst?ng of 
hypochlorous acid (HOCT) and hyoochlorltt Ion (DCI-). ComDlncd 

rtsldual ChlorInc (CRC] gtnerally refers to the thloramlncs farmed ,uhen 

hypochlorous dctd rtacts 4th amn?a. Fttt chlorfnc can a;ro react u+th 

other arganlc ComOoundr conta?ntng amino groups to form organic 
chloramlncs. Bacterlc\dal strength Is tn the order: hyoochlaraus acid > 

hypochlor?te IOn 2 chloramlncs. 

Chlorlnc demand occurs both In wsteuater and the recelv'lng waters. 

Chlorlnt demand is tht dlfferencc bttwttn the dDPPlted ChlorInt dose and 

the free restdual ehlorlnt. It l's dut to a variety of reactIons lncludng 

oxtdation and dtcomgos!t\on. som? lnrportant reacttons of chlorine In the 

frtshwter cnvtronmtnt art ortsenttd In Tablt 01 and a schematqc sum~ry 

of tht Important reactqon pathways Is presented In Ftgure 01. 

The prlnclpal dtttrmlnants of the llkcly reaction Droducts \n 

muntctpal wastewaters and fresh surface wtcrt are concentrations of 

chlorine and amnonla and pH. Chlorlnc enters the rectlvtng uater ma’In?y 
In the form of comQIncd chlorint [mono- and di-chloramtnc) due to the 

typIca dmf!Ia concentrattons found In wastewater. For hyghly n?tr:fjed 

efflttcnts, free chlorlnt wuld bt the ma’in constituent. fhts rtr?dual 

chlortnt 1s lost ragldly from the rtcsIvtng wttr due to scvtral 

rtacttons tnclud\ng: Qmnd from oxtdatlon raactlons; combtn.atIon wtth 

organtc matctlal; photochtmtcal decay; and decomgortton. A7 though 
measurtmtnts of chlortnt decay rates are not tormm, some results are 

prc*?nttd In fable 02. Scvtral gtntrallfationr can be made from results 
presented In tht table, tncludlng (1) rates if a widely varyjnq, (2) clef a- 
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TABLE 01. PRINCIPAL REACTIONS OF CHCORINE IN SOLUTION 

Rtactlon type Example 

HydtolyrIr C’t l H20- HOC1 l HCL 

Amnonla 

Substitution 

Oxldatlon 

Inotgantc oxldatl’on 

Otcom~os~tion 
(uith sunlight) 

Organic tcactlons 

Oxtdatlon 

Substltutlon 

HN3 l HOC1 -NH2Cl l H20 

2 HNCl2 l H20-442 l HOC1 l 3 H' + 3cl- 

Rfd l HOC1 l 2 H20 -MnO(OH)2 
l 3 H+ l Cl- 

2 HOCl-2 H* l 2 Cl- * 02 

RCHO l HOC1 -RCOOH l H* + Cl- 

RNH2 l HOC1 -RNHCl * H20 
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RAPlO 
REACTIONS 

SLOW 
RUCIfONS 

FREE CHLORINE 

CHLOAAMlNES 

I CHLORO-ORGANJCS 

Q 

OXlOATlON PROflUCTS 

I 
I 
I 

FREE 
OXIOANT 

COMBINED 
OXIOANT 

MAINLY 
NONOXIOANTS 

FIGURE 01. DUGRAM OF CHLORINE RUCTION PATHS IY FRESHW’ATUI 



TABLE 02. CtlLOHINE DE(AY RATE 5 

Chlorlna Form 
Decay 
rate, day-’ Conditions Reference 

Free Chlorine (8Or 
OCl-) 

SO-178 Samples exposed to wind 
and sunlight. 

Johnaon (1978) 

4.6-10 Indoor samples exposed 
to UV light no stirring. 

Johneon I197B) 

SO-178 Initial rate for indoor 
samplee due to easily 
oxidized compounda. 

Johnson (1978) 

Wonochloramins 

Free chlorin;. \n 
York River estuary 
(monochlorami Je 
formation suspected) 

1.2-1.3 

Honochloramine 1.3 

0.7-1.8 Indoors. Johnaon (197e) 

6.7-7.4 Outdoora ramples expoeed Johneon (197E) 
to sunlight and turbulence. 

Johneon (19701 
from Bender et 
81. (197s) 

Honochloranlne in 01x 
Colorado River8 

1.8-53 

5.0-104 

Total residual chlorine 20 

Light bottle field teate. 

Based on field data wlth- 
out dilution. 

Johnson (197e) 
from Bender et 
al. (1975) 

llelnemann et al. 
(19lll) 

lleinemann et al. 
I19811 

llaae (1961) 



of free C!Ilorlnt 1s an order of magnitude faster than of monochioram\ne 
and (3) field decay rates are normally an order of magnitude faster than 

laboratory rates. 

Bromine Chlor?de 

Rtactlons of bromtnc chlorldc In frcshuater are more comollcatea 

slncc two halogens are tnvolved. Reactlons in freshrater Include t9e 

productlon of both hypobromous acid and hypochlorous actd: 

6rC1di20 = H08r l HCL 

6r2 l Hz0 -Y HOBr l H* + 6r 

C12*H20 z== HOC1 t II+ t Cl 

As ulth chlorlnc, hypobromous acid w\ll react w\th amnonla to Form 

bromamlnes. Roberts and GleaSOn (1978) presented data on the decay of 

llromlne reS!Uudl In seauater uIth amnonla, concentrat:ons of 0.2 mq/l. 
Decay uds l xtreme?y tao\d stnce bromine resjduals were not detected af:er 

only tuo hours. NO other data on bromtnc residual decay were ava\labYe. 

0.2 CASE STUDY 

The conceDts dlscussed above are applled here for demonstratton 
wrDo5es. The Connecticut Department of Cnvtronmental Protectlon 

conducted physlcal, chemical, and bIologIcal measurements to assess the. 
Impact of the falrfltld H111s Stuagt Treatment Plant on Deep Brook In 

Ntwtown (CT DEP 1987). The plant provldcs advanced treatment ultn the 
fndln treatment units btInq primary and secondary settljnq tanks, 

trickling filters, and lntermltttnt gravity and sand ftlters. Current 

plant flow averages about 0.3 mgd. Plant effluent conccntratlons of TRC 

tyuIcally range from 0.8 to 3.0 mg/l. 

Deep Brook 1s a fast flou\ng, well oxygenated tributary of the 

Pootatuck Rtvtr wtth an average flow of 0.27 m3/s and a l-day lo-year 

low flow of 0.014m3/s. The plant effluent dlschargcs Into Oeep 8took 
about 610 meters above the Pootatuck River. Pootatuck River average flow 
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IS 1.1 m3/s and 7-day lo-year lou flow 1s 0.12 m3/s. Measurements of 

In-stream and effluent TRC were conducted on August 29, 1980. 

Mean values of TRC concentrations measured using the amperometrlc 
tjtration method are preSented In Figure 02. On the date of these 

measurements, river flou WI 0.025 tn’/s and plant flow uas 0.014 

Id/s. Total mlxlnq Is sa\d to occur 15 meters dowstream of the 

discharge pojnt. although the barls for this statement (I.e., visual, dye 
study, etc.) 1s not stated. It seems reasonable to expect that mIxlng 
uould be taDId ulth the plant flou nearly as large as the river flou 
(dllutjon ratio of 1.8). As shoun In Figure 02, at a point 15 meters 
dowstream the effluent concentration of TRC had been reduced from 3.8 to 

2.0 mg/l, or diluted 1.9 times. This tends to SuDDort the l5-meter 

comolete mlxlnq assumption. 

The TRC concentrations decreased to 0.2 mg/l (a factor of 10) at a 

point Just before the confluence ulth the Pootatuck Rtver. Since no 
dllutlon uattr enters the brook In this reach, the loss of chlor!ne was 

due to chemical reactlon and decay. When In-stream chlorine 

conctntratlons are Dlotted on semi-log paper, a ftralght ltne gives a 

reasonable fit utth the data, Indlcatlng that the die-off of chlorine for 

this case Is aDproxlmately first order. Uslnq the formula for 

first-order decay (Equation 2.3 In Sectlon 2.4 of the text), a rate 

coefflclent of about 100 per day 1s calculated. (To obtain this value, a 
stream vclocIty of 0.3 ra/s has been assumed, as the actual value uas not 
given.) This Indicates that the In-stream loss of chlortne \s extremely 
rapld. Houtvet , the value of 0.2 mg/l Is still more than an order of 

maqnItudt hlghcr than publIshed maxlmwa In-stream crlterla. In Pootatuck 

River, TRC could not be detected after the Oeep Brook confluence. 

BIologIcal measurefwts Indicated a h\ghly stressed condltlon In Oeep 

Brook downstream of the discharge. 

In sumr3ry. a slwle dllutlon calculation followed by a first order 
reactton CoefflcIent was adequate In this case to estl<tc the crlt-?ne 
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concentrations In Deep Brook. Houever. this method must be used ulth 

caution for several reasons. If stream-flous are higher, complete mlxlng 

uould not occur as quickly, and this method dots not apply In the zone of 

incomplete mlxlng. Also. as dIscussed earllet, In-stream reactions are 

extremely varjablt deptndlng on environmental factors such as light, 

temperature, and streamflow. 
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GaSTRACT 

The Office of Water of the U.S. Envir3nnental Pro tect ion 

Agency is responsible for manaqinq waste load aLLocation (WtA) 

activities throughout the nation. These orocedures qcneraliy 

involve the application of mathematical model inq activities vii=3 

require specialized information for proper implementation. Sne 

area which vfll receive increasinq attention in t.h i s reqarti ~.s 
the fate and transport of toxic pollutants, particular:y certain 

priority heavy metals. An imp0 r tan t characteristic of :Yese 

materials is an affinity to compIex and/or be adsorSe4 

(partition) to particulate materials in the natural envirDnme?z. 

AS realistic modelinq frameworks must properly tracx 5oth 
dissolved and garticulate forms of substance in t.?e receivizq 

ua ter environment, it is important to determine pa:tiz:o> 

coeff lcients for the priority metals for use in these analvses. 

It ws the purpose of the investioation reoqrrted ‘?erei? :a 

retrieve information and data by which to document and/or 

calculata water-sediment partition coefficients for various 

priority heavy metals. In addition, the availah,!e data was to be 

examined to determine possible functional re:ationsYl3s 3-o nq 
partition coefficients and various environmentA! ua te r qua! :cy 

variables. 
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SUWARY, CDNCLIJS 13% 4ND RECOMYENDAY:DNS 

1. 

2. 

3. 

4. 

5. 

The available tcchn ical 1 i teratute contains very 1 imi ted 

useable data for determination of partition coefficients for 
priority metals. 

Of the various computerized data bases investiqated i? this 
study, the water quality file of STORET contains the largest 

amount of pertinent information by a larqe marg in, 

approximately 28,006 useable records from various uater body 

types. The most appl icable data were derived from water 

column samples; bed sediment data, while available, did not 
provide sufficient information for calculation of partition 
coefficients. 

Retrieved data were in the following order of abundance by 

priority vetal: zinc, copper, lead, arsenic, nickel, 

chromium, cadmium, mercury, and sl lever. Analysis ua s 

confined to data collected fn streams-and lakes. Znsuf f i- 

cient data were available for analysis of arsenic in lakes 

and silver in 30th types of water bodies. 

Sufficient data are available for calculation of represent- 

ative values of part1 tion coeff lclents for t!7e various 

priority metals, with the excepti ens noted above. Much less 

information is available by which to assess relationships 
amonq partition coefficients and vat ious erlv ironmental 

variables other than suspended solids. 

Analysis oi data indicated a pronounced aoparent relationship 
between Partition coefficients for the v-.i;Js priuhy 
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metals and suspended sol ids concentration. However, for any 

given solids Concentration, calculated partition coefficicn:s 
varied over a wide range of values, perhaos nultie,le orders 

of maqnitude. No consistent carrelation was found am0 nq 
partitionfnq and other environmental measures such as pH, 
al kal inf ty, temperature or BOO. Patti tfon coefficient values 

for lakes were determined to be consistently qrtater than for 
streams for all ptlority metals except mercury. 

6. The partftlon toe fficient values determ:ned fo t the various 
prfority metals are satisfactory for aopltcat!on analyses. 

However, the values resul tinq from tne reqrcssi3n analyses 

deveLoped in this study are order of maqnitude estima:cs onl:/ 
and the wide ranqe of calculated partition coefficients 
should be considered in practical use. 

1: is recommended that a refined data base be accumulated for 

the various priority heavy metals. Such a data base shou:? 

consist of controlled sampling of a variety of natural vateruays 
and include simultaneous measurement of all ohysical, chemical 
and biochemical factors which may have a bear!nq on heavy netal 

partitioning. Laboratory studies may be appropr i a CO :0 

supplement the field investiqstions. These data shouid SC 

evaluated to reassess the results of the present invcstiqation. 



S&CTI3N 1 

1.1 BACKGROUND 

The Office of Water of the U.S. Environmental Qrotectiqn 

Agency is technically responsible for manaqinq waste load 
allocation (WtAl activities within the organization and 50 r 

prov id inq technical assistance to the states. In addition, this 

office also has technical responsibility to review various 

advanced treatment (AT) projects proposed under the construction 
qrants program by regfonal offices and the states. Th,e AT 

projects often result from water quality studies and ma:hematica: 
model inq analyses which are used to establish WtAs indicatinc; 

that technoloqy based effluent limitations are not sufficient TV 
achieve or maintain water quality standards. It is imp0 r:an: 

:.iat WLAs be established in a prqc #icient and technically correc: 

manner so that recommended facilities are properly devefopec! an3 

cost-•f fectively desiqncd. 

In the performance of its -andate, the Office of Matar has 
determined certain specific areas whereby assistance to the 

states is advisable to help maintain and/or improve the tectinica: 
bases for !4LAs and recommended AT facilities. One such area 

which will receive increasinq attention is the fate and transqort 
of toxic materials, particularly certain priority pol:utant 

metals, as discharged from PU’TW’s and other sources. Treatment 

requirements f3r these substances will depend upon prooerly 

detem ined ‘AtAs, which in turn must be based on mechanistically 
realistic assessments 3 f the transpart and fate of these 

materials in the aqueous environment. An important chara-ter- 

istic of metals in this rqard is the affinity t3 co~p!?x ar.d/?r 
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38 adsorbed fgtticion) t3 natural parziculacc 3a:er:3:r. 
Realistic aodclinq ftancvorks must have the caoacity to tf?Clc 

30th the dissolved and uarticulate forms 0. c zeta: in t.7e 
tcccivinq *rater as each phase may be transported 3,~ 4; fferon: 
mechanisms. Fund am en ta 1 information which is required far t!T:;s 

purpose is appropriate partition coefficients for metals, v r, i c ‘: 
define the fraction of metal in dissolved and particL:ate chases 
for specific environmental condi:ions. 

11 

2; 

3) 

4) 

5) 

Specific objec:ives of the study are sdnTarizer’ as fzlLz,ds: 

identify an4 retrieve appropriate reference “rater :a: ,dk 1=7 
conta!ns information on partition coeff:ciencs for cert3:r. 

qr iori ty heavy metals. 

identify and recr ieve appropriate laboratory and field j3E.a 
vh ich are satisfactory for calculation Qf oart:-,i-,-. 

coefficients for the priority metals. 

calculate partition coefficients for priority -fr,ta:s . . - c-e, 

available data, display the results, And wherever possi310, 
relate coefficients to appropriate environmentai variaS?.Ps. 

assess the quality of the data col!ected, t?e representatl.de- 
ncss of reported or calculated partition coefficients and 
recommend methods for imorovemenc. 

provide a report summaritin? the results of a!: vor4 a:< 
including an appendix cont.qininq basis information rrsu:tinc 
*corn the rval ua*Co;L*. . 
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The specific ?r:3rity fleta:s of concern ani=? drc considered 

An t?.e stud,+ arb: 

Arsenic 
Cadm i urn 

Chromium 

Co ppe r 
Lead 

Mercury 
Nickel 
Silver 

Zinc 

’ 3 SCOPS: 3F THE REPr3Rf . . 

The report sunmar:zes various techn:cal prDcec!ures ‘xit?. *&ore 
i3pLeme3:ed t3 ob:ain, cateq3rize and cvalua:e da:a f-,r 3: ;3*’ LV . ._. 
nea;ry meca: pa r :ition coefficients. 77eoteticaL csnsidera:lons 
are gresente:! to orovide a backqround for the analysis a?.4 t3 
:n$icacc r’.aca requirements. Required data are sunnarizoc! Cy 
S3’Jffe 4nd availaaility and classification proced.:res . _ a-0 

-?escr:3e4. Vet.clods of analysis are described fo f tne cateqor- 
i za:ion of data, calculaci7n of Dartition coefficients, and 
s:ati 5: ica’r evaluation of relationships betueen these v3i ues and 
various ambient environmental variables. Finally, the results g,f 

:.Ce analysis are presented and discussed. 
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One of the major characteristics which tiifferenci3zos ~a,?! 
chemicals and heavy metals froa Ci3Sslcal water quali:y var;ables 

1s an affinity for adsorption to particulate material. ‘iqure 
2-l schenatical!y illustrates :he princ:p:e. :f a nass :f 

soluble chemical is placed in a Laboratory bedC(+r z:f vazar, 3 ” 

initiai concen:ra tion of disso:ved chemical, cA, i::: rOSJ:E. :f 
par:icu!ate material is then added t3 the Seakzr a~? stirre??, A 
portion of dissolved chemical will je Soryed c:t: t:e car:::- 
U:dtr?S and some of the them ical c3ncei::3::97 d’ ” a . . :7e’: >e :- 
particulate f9rm, cp. If this process is 39q:t~red ‘d:‘~h :i?e 2s 

s :! 0 w-n 0 n :he d laq ram, dissolved chemical vi!‘. De reduces s-i 

pa rticulaze them ical vi 11 increase in a reversiSle roaczi~n ~JP,:;: 
ail equiliSrium is achreve? at some win:. TCe :~:a: che3?;:2: 

cgncentrat!on a: any tine is equal to the sm sf t5e +issol*~e- 

an4 parti culate concentrations: 

“T - Cd + cp 

in vhich r 
T 

is total chemical concentration and all c3ncen’,ra- 
tions are expressed on a bulk volume (liquid glus solid) basis. 

The rate vith which this redcion takes place and ttie re’,acive 

relationship betveen the dissolved and par:icula:e c>emicaL, zha: 

is, the rater-sediment partitioninq, are both checnica: sgeciii:. 
In most cases, reaction betveen the dissolved ehem icat and 
particuldtes occurs very rapidly, minutes :o hours, a?+ 
equilibrium is achieved quickly relative co the tine character- 
istics of the environmental settinq. T!-• tcndoncv t3 so r? d IS 
biqhly chemical specific and will range frQm very re?k ~3 SZCYI~, 

i.7 the case of ndterials vie9 POW sa!ubility. 
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The affinity 3f a oarticular chemical or heavy Tecal ED sorS 
can be quantitatively expressed by a sedimen:-uater partitian 

coefficient, K,. A series of experiments of the tyoe schemat- 
ically indicated on Figure 2-l may be conducted irith differing 
initial dissolved concentrations of a specific chemical. After 
l quflfbrium is achieved, the particulate chemical concentration 

to suspended sol ids ratio, cp/ss I expressed as microqrams of 
chemical per qram of particulate materia? (~9/9, , may Se p!o:ted 
as a function of the dissolved chemica: remaininq, cd, oxDressed 
on a volumetric basis as microqram per 1i:er of ‘dater (uq/‘l,. 

F!gure 2-2 schematically illustrates the results of t:;;s 
laboratory experiment. A speciffc chemfca!, wi!! Droduce one of 
the lines shovn on the loqarithmic diaqram, the relative position 
of which dezen!ines the parti:ion coefficient. For a partirLJ:ar 
disso!ved concentration, qreater particulate zoncen::ations 
result f rom larger partition coefEicients as shown schema::ca::;/ 

bY :he various dfstributions. Data from chemicals *wC’-~ ..-6. Cd? be 
plotted and correlated as shown on Figure 2-2 Behave accordin? t=, 
the Freund!!ch isotherm defined as: 

cp'ss - Kp(cdl 
l/n r2-2: 

in which n is a constant charac:eritinq t>e slope of tnc 
relationship. If th? slope is near 1 indicatinq a 1 inear 
relationship, the partition coefficient is defined as: 

‘d’s K N- 
P =d 

(2-3; 

As ind ica ted, a specific chemical or heavy netal wi:! yield 
one of the relationships indicated schcqatically 3n Fiqurr 2-7 

f c a specific type of sorbing particulate nateria!. qowover) 



0 1 I IO 100 1000 

OISSOLVEO CONCENTRATION - C, .( pq / 1 ) 

FIGURE 2-2 

EXAHPLE ISOT’IIERMS AND PARTITION COEFFICIENTS 



different re:ationsnips, and there forz, liffercnt oarci-a-- - .- 
coefficients, may be observed fo r CCle same cYe7ical vi t.9 ‘J3r:OCS 

types of sorbants. For l xamole, organic oar:icuLazes or si::,, 
materials may attract a certain chemica! more s:ronq:y than sand.! 
materials. Further, different site c;asses of 33r:ic-d:a:e 
mater ial, as they may reflect different classes of ?articslates 
as sands, silts, clays, etc., may exhiSit differinq affin:ties, 
and parti tioninq, for a specific chemical, :3 : w pri3cipLe, ._ ;S 

most advan taqeo us, therefore, to perform euzer iments .i a ” d 

determine a chemical’s partitioninq chdrfcterist:=s wi:h tne tvoe 
of particulate material (suspended and bed sediment’ to wh:cn :: 
will come in contact in the natura! envlron.ment. 

As described, the na:ure of the sor5ant may 5ave a ?e*rinc t= 

:he c magnitude oh the partition. coe.fficienc -,. d o3r:icu;:ar c, c 

suSs tance. It has also Seen observed ;=\‘Connor ant ,.,.U::Y .czmLI- 

that garti tion coefficients may vary in accordance ._. t-< W’ ri 

concentration of the sorban: as wel! as izs .?dturo. ‘:y’lre ?-:: 
presents some empirical re:ationships Setween rr;r.+.” pa. -. W.” 

cotfficien:s and sed imen t concen:ration for 3 ‘I a f i e t ‘./ ; f 
subs:ances. For certain chemicals, i: is cbserved :n~t ?art::io- 

coefficients may be expected to vary by an order zf maq:i:ke zr 
more dependfnq upon the sol ids concentration. Zn the case of 
heavy metals, other factors such as pH, alkalinity or hardness, 
temperature, and conductivity may have an effect on :ne gartitio-: 
coeff lcicnt due to the complex chemical react ions wk :c3 OCCJC 
with these substances in the natural environment. 

Much valuable information wit3 which to define partltiqy 

coefficients and relationships vi t!l various en*Jironlnonza: 
variables can be determined from carefully dcvel3pe4 3 ” rr . . . 
controlled lat..:.rar.ory experiments. It is noted, however, t!laz 
such values dre to he used subssqueqrl.! in c3:cu!ations to 
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estimazr Uhd t 0c:ufs in t 13 e fielc?, c.Cis is, in tne ?s:2ra: 
cnv i rowen:. Althouqh t5e :abTracory data 3rt qui te useflr:, . - ; - 

is appropria:e tr> utilize fitid da:a wherever avai!an:e :n or?er 
to calcula:e partition coeffient values from those sec,tin7s ‘:z 
uh ich they will be subsequent! y appl ied. Rese 3ac,3r2: 
conditions are likely to be far more ?hysicalLy, che~i:al:y, a:? 
biolojically complex than t5e laboratory set::??, t=c- _ t.:e 
information derived, therefore, is realistic in tne ~atzra: sense 
and can serve co ind irate hOd Ye;1 or pcct: .’ c-lr:icl~- 

soefflcients can be defined for the natural set:inq. 



SUMMARY OF AV9 XLAB LE DATA 

3.1 DATA T4EQUIREMENTS 

The mtnfmum basic data requirements for calculation of- 
partitfon coefficients for the various priority metals are 
dissolved and partfculate concentrations and a measure of tye 

assoc la ted partfculatcs, suspended sol ids. This infona:ion 
a :Lovs determfnation of partition coefficfents in accordance ui:? 

fquatlon (t-3) and also provides fo,r an examination of any so:l-!s 
dependent partitloninq relationships such as illustrated on 

F!gute t-3. Additional information is required to assess ot>er 
po:enzi3: correlations bctveen partitionfnq and ambient 
environmental varfables. 

Xn the case of heavy metals, other pertinent related data 

include pH, alkalinity, hardness and temperature, variables vh;=h 
may influence the chemical reactions vhich metallir: substances 

undergo in the natural envfronmenc. further, some infonation on 
the nature of the sorbing solids in terms of orqanic and 
lnorqanic fractions and size distribution is aopropriatt. 
Measures vhich may provide some information on the orqanic nature 

# 0. the sorbinq material are volatile susuended so? ids, 
biochemical oxyqen demand (6001, chemical oxyqen demand (COD), 

and chlorophyll-a. flow data, whether lov, averaqe, or hiuh in a 

particular stream, may provide some indication of t?e type of 
particulate material (sand, silt, clay) likely ts comprise 
suspended se? iment in the vater column in the absence of ocher 

tnfomation. 
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The foreqoinq type of information WdS souah’, from 30T.5 

Laboratory and f’ leld investiqations. iii the case of field data, 
data vrre souqht for both vater column an4 Seb sedile?: and f2r 
different types of uater body, particularly streams and lakes. A 

distinction between partition coefficients calcuLated far eat? 3f 

these types of vater bodies is appropriate as the 7dturt o,f 
corresponding suspended sediment may be different, :hat is, more 

organic ln the case of lakes. 

3.2 SOURCES OF DATA 

A larqe amount of field data resultin-; frqn var;,-us :y~es : f 
surveys resides on computeri zeal da:a bases. T>e fO!L 3.&i 3C iata 
bases were examined for data avsilaei:ity: ST3R ST I;‘SS?A ) 
NAS QAN (USGS) , the data base 7lain:aineC Sy NOAA, Ia.. amA ST;: 

(Canad ian Cen tre for Inland ‘daters). :n addizio:, _.._ - -0 

computer i ter! reference service DIAL3C was utilized to .rl-. -.-” 4rlp7.. : 

and secure add i:ional reference mater id! includinq 5dtk fie:< ar,Ti 
Labora tory investiqations. These data bases vero rev i?wec! :c 

avoid ptential multiple countim g:,f samples. >e fo llz~dlnq 2s a 
brief description of these data 3iases in reib:i7? :3 r:is 
project: 

1) STORET 

The water quality file of this data Sase contains wa:er 
quality information obtained at numerous sta:ions locater! i? 
all states and operated by various agencies. :t iS t3e 
larqest data base for uatrr quality information ?y far. 

2) YAS’JAN 

;rJa:er quality data of this file a,e :on:aincd i: ST3RST. 
HASQAN d3ta updates are transferred to STORET on 3 c;idsekly 
basis. Data can be retrieved in the USGS format. 
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3) NOAA 

T!lis data bASC contains data for ocean, near-shore a; 
estuat ine samples. The estuarint samples cover the areas sf 

Puqet Sound and New York Bight. A search of these areas ‘was 
requested. The search for Puqet Soured revealed no metals 
data. The search request for New York Siqht did not rasu:: 
in information in time for processinq. 

4) STAR 

This 4ata base conta!ns twr) subsystems. 3e S,d:r: s,js Z?T 

contains data exclusively for the Great Laces. 7Ye ct?er 

subsystem, NAQUADAT, contains river water qua-lity data fc r 

Canada. T>e NAQUADAT data are not included in ST3;IE’: and ;t 
has no: been updated in :he last four years. Ye zest OPT 

retrieval request was prohibitivrLy expensive and beycni t?o 
scope of this investiqation. 

5) DI4LOG 

Th i s reference service contains numer3us CL: a:ions 3f 

pub1 icat ions in a qreat variety of technical fie!c!s. T?e 
citations are arranged in subject-related files. A strategy 

was devised to search relevant files in order t:, ide?zify 

sources containinq data consistent with the requirements c 3, 

the study. The files searched were: 

National Technical fnfor?ation Ser;ricc 

\Ja:er Resources Abstracts 

Environmental 8iblio@rap5y 
Pollution Abstracts 
Instructional Resourcea fnforaati93 Systems 
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Env i rol ine 
Campendex 
Ocean .Abstracts 

Camprehensive Index (Dissertation Abs:r3c:s) 

A small number of usable ?ub?ic3ti3nS were i,denti lie? and 

obtained. 

5) .Yiscellaneous 

A search of all pertinent in-house ?U?! iza:;-,r,s d3 3 
conducted. 

3.3 AVAI tAa iLf7Y OF DATA 

The small number of references obtained frD,n 3:ALZC :on:air,ed 

30 siqnificant amount of useful itif3r3ation. ?n : :/ a rnOd?S’l 
amount of pertinent data was obtained fro? i.?-5oure sources c;f 
reference material. C)n this basis, and in accardance wi:?, _.,_ c-1 

l val uation of t9e various computer i red data 5ases as ?escrizei, 
above, it was concl ur!ecf that the water qua!ir~,~ fi:e cf STS?ST 

would provide the vast majority of usable sa~qles, and alnost a:: 

effort should be directed to this source. A re:r ieva: s:ratec:;/ 
was then devised to search the data records of al’ - stati0r.s In 
all states, and identify ambient, remark-code-free saT3!es ‘d::c% 

contain, at minimum, the concentration of tota: 3nC f??:sso!ved 

species of *eta1 and suspended sol ids. F9r such 3arno!9s, data 

retrieval also included temperature, pH, ?!kaLinity, hardness, 
f?OU, COD, BOD, volatile non-filterable rositiue ‘,r9:3:i‘,e 
suspended solids) , chlorophyll-a cortertcr!, 3~1 23~0 r re: teC' 

chlorophyll. N9 data were available on the ;.:t? Ris:ri5;tlcn 35 

suspended solids in -th water co1 u.nn. A: :'c19:,'J7h -!3ta are 

available on bed sediment s33plts, the inf5r-i3:.9? iS 53 t 
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sufficlencly como!ete (dissolved chemica: missinq) for 

c3lculation of partition coefficients. Data retrieval was 

therefore restricted to water column data. The results of these 

retrievals were obtained on maqnetic tapes for subsequent 

analysis. 

3.4 CLASSIFICATION AND DISTRIBUTION OF DATA 

It was determined from initial STORET retrievals that the 

useful data base for some of the priority metals was quite Larqe 
vi th samples of In tetest number inq in the thousands. 3ata 

hand1 Inq and subsequent analysis ua s therefore Performed ty 

computer. All of the basic minimum da:a which were retrieved for 

each priority metal permitted calculation of d partition 
coefficient in accordance with Equation (2-31. However, a 

purpose of the study was to assess any rtlatlonshias ootueen 
gartitioninq and various environmental variab?es as d1sc*lssed. 

In order for these determinations to be valid, the Saslt “ata 

must Se lneasured sfmultaneously on the same sample or A: :he same 

time. Hence, the data base for each priority metal UdS sorted 

into various types of records, each of which was characterized 5-i 
the simultaneous deteraination of var ious parameters. In this 

manner, a larqe data base could be examfned for s33;: in1 

information most useful for cross-eorre~ation purposes, and t!-ie 
appropriate data records accessed for analysis. 

me definitions established for the various data records are 
as follows: 
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Type Data Content of 9ecord 

T9ttal and 4issolve4 -eza! a7r! 
suspended sol :ds conce7:ra:;ohs 

data of type fl and OH 
data of type 1 and aiKa:inlty 
data of tyoe 2 and temperatare 
data of type 3 and !C33 3r 9CCJ 
data of :ype 4 and fvo:3t;:c 
suspended solids, or c>:-a corrected 
or chl-a uncorrected) 

data of type 4 and 5 

Hardness wa s judqed to be redundant with alkalinit:/ fz: 
zgrre:ation purposes and thus not included in the +aca records. 

‘lov information was judqed to be too meaoer t3 r -ear,:.trfA: 
corre! ation and a?so excluded from evaluation. 

For each priority metal, the tatal nLnber of records and t?.e 
Aistribution of these records Der “I t y3e was de:eraineC fcr eacfl 

station in each state. At the end of the first staqe of iat3 

processing, a summary table was developed for each neta: ir’?:c? 

contains an aqqreqation it records and stations per st3te, a 

distribution of records per type for each state and :?.e :o:+l 
number of all records. 

Table 3-1 is an example data summary for the priority meta:, 
zinc. The table shows the total number of records and st3tio~s 

and the distribution of record types within each state ceperti,nq 
data, The total record count fo. zinc is 5397. These r ccc r:! s 
include data from streams, lakes, ests-rriis, coas:3! tr)nes, 

nanholes, and other miscellaneous orircins. Figure 7-1 is * 
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ZfNC DATA SUMMARY 

STISTC 8r RC:oRo TYPE = STATIONS 
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sukn~ry of the qcoqraphical distribution of the available records 

by state. Similar information is prcscn ted f9r each of tl- 
priority met3is on Flqures A-l throuqh A-9 in thr Aopendix. 

fn the basis of this analysis, the total nmbec of records 
available for each metal is as follows: 

Metal Total Yumber of Records 

zinc 5397 

copper 4557 
lead 3156 
arsenic 2fl3S 
n!ckel 1998 
chromium 820 
cadmium 799 
mercury 631 
silver 50 

These r l co rds formed the basis of t9e 9uSsequent tec?n ica 1 

ana:ysis. 
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SECTION 4 

UETHODS OF ANALYSIS 

4 ’ .* TECHNICAL OVERV? Ew 

A substantial amount of data 20 r the ?rlority meta!s is 

ava!lable for analysis. Approximatoiy 20,0kIfl da:a rec=!rls were 
developed for the prfority metals i2 accordance ri th t.?c da:a 
classifications described previously. This amount of infacaat:on 
required the app! ication of computer proccss’l; and :he 
development of a technical strategy for data !TA?,?!:?‘; dnc 

analysis. As a result, specialized sof:wart was deve:3pee!. to 

process ST3RET information for each 3r iority metal .-.. w” i -h wa s 
contained on a series of magnetic tapes. This soft.ddre ‘eras 2se? 

to se! l ct a?prooriate data, compartmen:alite it as ac~ro~riate 
into a series of ‘bins” and ca!culaCe ;arti:ion coefficien:s. 

The values were then subscqucnc:y processed by ‘Jd? i3’J.S 

statistical techniques to search for reiationshigs amon:: 

gartltioninq and various environmental variables. 

4.2 3IN ANALYSIS 

An objective 1 of the study is to determine corre,atiDns, ; L _ 

any, uh ich exist am0 nq calculster! oar titian coefficients an4 
ambient environmental conditions as represented by various 

physical, chemical and biochemical measurements simu!taneous:y 

performed or observed. The data records for each pr io-rity met?‘. 
reflect a vide range of conditions for analysis. In order :o 

search far correlations, the procedure se 1 cc ted consisted of 
seqmentinq the data proqressively into a seri.es of ComuartTen - -3, 
or bins, each of which uotild be spccifical:y ?+Cinecf by a 
34rt.cular ranqr 9f environ3sntal varishles. Far exqf.u?lt, 3 bin 
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.3a~ be defined as that . portion af :he data base which nds Lirnirs 

of suspended solids DC 13 to 30 mq/l, a pH tanqe of 6.8 t3 7.9, 

and al ka! in ity Erom 20 to 50 mq/L, et:. A!1 data records fall i: 
uithin various bins defined in a similar manner co u:5 then SC 
used CCJ caicula:e partition CoeSficients Ear those ranqes of the 
environmental variables. The resulting information csu!d then be 
evaluated by direct observatian as well as statisticai:y to 

assess any relationships which mby exist. 

The cornouter ptcrqram developed to inolemen: t3e 5:~ ar.a:*?sis 
seiects data for each priority metal on the basis of s:a::or: 

:ype, so that the data base can be seqrcqated for streams, lakes, 

etc. A series of b!ns are then established vith :he 4i?ensio-.s 
c 0. the bins specffied as appropriate values for ttie eqviron:en:al 

variaales under consideration. The dimensiona!i:y of the bin :s 

related to the type of data record; tha: is, nL;nber of .Ja:idzLCs, 
under consideration. As a qenera? rule, t.?e qrea:or rke n,z7?ec 

Of variables under cons;deracion, the qrea:cr iS t ahe r.mbor :: f 

bins and therefore the less amount of partition coefticie-. 

information within each bin. The data bdSt? fo r increas;nC- 

numbers of concurrently measured environmenta! vsri3Sles 3:s: 

becomes morr restricted. 731s is of concern Er9m a s:acisc;ca: 
standpoint. The total number of bins is the product of :.7e 

number of intervals established for each of tfie variazies. ..,_ --~a 

analysis proceeds with the ca!cu:stion of partition cocfficien:s 

from the data records fall inq ui thin each bin, the bin Tear. 
partition coefficient and the coefficient of variation. T>:e bin 

statistical parameters are calculated under the assumztion that 

the individual partition coefficients qr3 109 nor~a::y 

distributed within the bin. The assumnDti37 of 109 nor7aLicy was 
tested with zinc and urs found to he true. 
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4.3 STATISTICAL ANALYSIS 

At the conc?usion of the bin analysis, a s:a:isticaL analysis 
uas per famed t3 assess any empirical functional rc!a:: onsni 3s 
beruden :he calculated partition coefiicients and ttie ecq/:ron- 
mental var iabies selected co define the bins. A nu!c,:?,le 
correlation routine UdS used for this purpose. Tr?e fo:lawi~; 
genera! i ted reqression equation was aq?iied. 

K =K 
P 

(ql OZ 7 \ ;:-,’ 

in which: 

K 9 
? Par titian coeffirienz ::/kq) 

xi’*2 9 environmental variaSlcs fnq/:! 

T 9 temperature (‘Cl 
!d 1 hydroqen ion concentration (as a measure of 23 

K?o ,?,3,T,Z - coefficient and exuonential cons:an:s 
determined from reqression 

Equation (4-l) 3s sta:ed, provides f3r 33 analysis 35 the 

relationship between parti:ion coefficients, renperature, zF1, a:d 
two environmental variables. Any number 0. F env i ron3enta: 
variables could be specified as appropriate. In the reTressio7 
analysis, all bins with population five or loss are rojectec! 3s 
statistically not siqnificant. For each of the remaininr= bizs, 
the means of the intervals defininq t5e bins uere cgrrelater! wit’3 

the mean of the partition coefficient of the bin. 3ese 
quantities were used in thr linearized fo rm Qf t h e above 

relatir>n: 

109 K - 3 Y + 1 109 x 
P DO 1 + y 104 x 2 l 37 l ?3Y !4-2) 
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The regression analysis includes appropriate statistica: qeasures 

such as correlation coefficient, r, and standard deviation U, rc 
the exponential constants. 
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RESULTS OF ANAtYSIS 

5.1 PARTITION COEFFICIENTS 

The bin analysis was used to calculate partition coeffic!ents 

for each priority metal as described. The data base was 

seg rega:ed by oriqin of sample and separate ana’;yses *e:e 
perfomed on data reported from streams and lakes. In orier to 

facilitate the identification of posslble intcrtelationsh;?s 5~ 
direct observation as well as by statistica: means, the ' 2in 

analyses were restrfcted to three d imens!onaL arrays. T’le 
initial analysis was focused on variables which could exert a 
pronounced affect on parti tioninq for heavy meta:s, sus3ender! 
so! ids, PH, and alkalfnfty. Thus, all records ident!f!ed as T*~sP 

2 and higher order in Sec:ion 3 were selected from the rlaca Sase 
for initial analysts. The bin intervals for stream data tiero 
specified as follows: 

Suspended sol ids fmq/! 1 

10 to 30; 30 to 50; 50 to 100; 100 to 200; 200 to 500 

5.0 to 4.0; ii.0 to 7.0; 7.0 to 8.0; 8.0 to 9.0 

Alkalinity 

0 to 28: 2R to 50; 50 to 190; 100 to 2cr0; 20a to so0 
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Thus, t!7c initial ana;ysis ot stream data ConsisteA of :0fl 
compactncnts in each of which a series of partition coefficients 

were calculated dcpandinq upon data availability. The bin 
intervals were se1 cc ted to represent reasonable ranqes of the 
indicated variables while also maintaininq a sufficient 
population of data in a larqc number of bins for statistica! 
reliability. Analysis of lake data also included a suspended 
solids interval of 0 to 10 mq/l. 

Table 5-l illustrates the results of this analysis for zinc 
dam reported for streams. The table presents the bin mean of 

the partition coefficients calculated within each bin in 

liters/kiloqram, the coefficient of variation, and the number of 

bin records, For zinc, a total of 1782 records were used in the 
calculations. 

Similar analyses were performed for all priority metals 

except silver (streams and lakes) and arsenic (lakes) for which 
sufficient data do not exist. The analysis was also repeated 
with other environmental variables as subsequently discussed. 

5. 2 CORRELATfON WITH ENVIRONYENTAL VARIABLES 

Observation of the calculated partition eoefficlents in Table 
S-1 indicates an apparent inverse variation uith suspended 
solids, but a less clear relationshio, if anyl with pH and 
alkalinity. Similar results were obtained for the other priority 
metals. Simple and multiple reqression analyses were then 
performed to Setter define any functional relationships. 

Table S-2 presents a summary of the statfstfcal parameters 
obtained for -bnc in streams. The table indicates an overall 
gconetric qea,. 'IdrL.,tion coefficient of aoproxinately 55,flflJ !/kg 
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x :ss1 -0.685: r 

mult 
c o.433, oexp = 3.365 

2: K, ‘JS SS 4 IH?: 

K = 3.32 I lo5 I !a) 
-0.683 

P 
x 

["]-".0487* , 
r 1 

.nul 
t 

t 
0.806, = yr ,. 3ou 

cx 3 1 

3 
l x32 

= 0 .Z?6C 

7. d. Kp vs ss 6 [H; 4 Al: 

K r 0.32 x 10’ x (ss) -0.683 x L,j-O.0687 
x (411 

-0.co3 
? 

P ; r 
*IAt 

: 3.9U6. 
expl = 

?. 365 



S5CONC 9:H AHALYS=5 (r'or ~~ : K,SS-': 
P 

No. of Xccepfable 3ins !> 5 Rec$rds) :a: 3in Avg K4 = 1.3 
P 

CORREUTION C3FfICXE.YT (partial): r:K;, pH) 3 O.OU9, r/.K' A:? 
P’ 

= 9.436 

RECRESSXMS 

4 
1: K vs Al: 

P 

K' 
3 

x 0.610 I (Al)"*"9; rmdt t 9.~86. aerp : 0.962 

2: Kpo vs U 6 [HI: 

Kg4 = g.?uu x (u)'*"~ x[H]'*~~~: rmJ : 0.527, u . I ?.Z7f . l x31 
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from a:: datea. Si7p?o correlation coefficients 3re Fresented 53 r 
-,ar:ition coefficient variation with suspended so: ids, o:!, and 
alkalinizy, resoectively. These val!Jes indicate a verb’ strono 
-‘ependency of u oartitioninq with suspended so: ids and .dea < 

relationships with the other variables on a si7p,le sasis. 
Statistical parameters are also shown for the mu:tioLe ste?-wise 
reqressi3n. Exponential cons:ants, nu:tlole --. **~re:a:ion 
coefficients, and the standard ?evia:iDn of :he ex;of.ential 

constants are Fresented for :he sequential resress.37 3: 

qarti tion coefficients with suspended so! ids, suspentied so: ids 
and oH, a?d, f’ Inally SusDended solids, DH snci a!kaiinir*j. 

v. 
.c is observed from Table 5-2 :5a: t9e exonnentia: to~s-ants . 

for pH, as represented by the hydroqen ion concentration, 37i 
a: ka1 ini:y ate relatively Sma:!. Fdrt?er, :he rna;1:iz:e 
correlation coeffic! ent is no: markedly improved 3y the inC:2S:2-. 

Of these variables in :he reqressi’on. :t is possib:e :hat the 

strong dependency of gartitioninq vi :h sol ids iS 1askinq 3 

correlation with these vaf iables. Hence, a second sin an3:ysis 
was perf3r3ed uhere the sol ids dependency of 3 r:iti0Fli3; ‘43 s 
removed by rearranqinq the reqression equation: 

KP 

1 

* KP*(ss) 

-a 

- Kpo l (ALK) ’ !!?I -’ !j-‘! a I 

in which s s suspended sol ids, ALK is alkalinity with other ter?s 
as previously defined. The exponential constant, 1, :aken as 

that determined in the first bin analysis. The product of the 
partition coefficient and suspcndec! sol ids, the pa * ’ :::::33 
parameter, as shown above was then reqressed with alkal inity and 

PH. Simple and multfple reqressions uere oerfgrrned. 

Table 5-2 indicates relatively weak correlation coefficien-; 
and exponential constants resultinq from :7iSi ana!ysi,. 
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Craohical orcsentation of the resul . tS Supports the observation, 
Figure S-l shows the partitioninq parameter Kp.sswa for tin- 
plotted as a function of alkalinity Eo-r various pH levels in hot.. 
streams and lakes. Similarly, Fiqure S-2 otesents the same data 

vi th the partitioninq parameter plotted as a function of pH for 
various ranqes of alkalinity. No consistent trends are observed 

from these diaqrams. The mu1 tiple reqression anaiysis *da s 
gerfaned on stream and some lake da:a for all priority metals 
vith Similar results. 

A similar type of reqression analysis was performed to 
detctnfne any relationship between t5e partitioninq parane:er and 
other environmental variables: temperature, and 383 as a 
surroqate parameter oossibly reoresentative of organic material. 

As vith alkalinity and pH, no consistent reLationships could be 

determined amonq the variables. Table S-3, for zinc data in 
streams, fs an illustration of the results of these analyses. 

Sufficient opportunity was not available vi:h;n :.ie t :mt 

constraints of the fnvestiqation to assess other ?oten:ial 

!nterrelatlonships. 

From the foreqoinq analyses, i,t vat concluded :hat the only 

clear and consistent relationship observed between par titian 
cocfficlents and the environmental vat iables tested was vi th 

suspended solids. For almost all priority metals, a stronq 
correlation vas indicrttd between the mean partition coefficient 
value vithin the various bins and the averaqe bin suspended 

solids value. fn view of this consistent dependency, the final 

functional relationships developed for these variables -S hased 
on analysis of 411 avallable data records which contained the 
basic’ information necessary for calculation of the partitio- 
coefficient. The only data needed to determine these relatior. 

I-36 



-1 
i 

on 
5-d 6-7 7-8 e-9 

-06409 0 0 a 0 

6b 

8 

e 8 
0 

A 
V 

I 10 100 
ALKALINITY (mq/l CoCO, 

FIGURE 5-1 
K; AS FUhcZTTON OF ALKALINITY 

. 



IO c 

50 

AL* ’ O-20 20-50 go-100 100 - 200 too- mc 

m 

0 

0 
0 

m 0 O O 
0 

0 
3 0 O 

0 

0 

I ! I ! ! I ! ! I ! I ! II ! I ! ! ! ‘.! ” 

FIGURC S-2 

R* p .4S FUNCTIOK OF PH 



TA9ti 5-3 

SUH!4ARY CF SiAi:SfZCAL ?ARIV!EiERS FCR Z:NC 

0 1 2 3 U 5 6 TOta: ‘ecor: 3 

accords 3y Type 1988 379 6a6 861 663 67u 1 a6 5297 

sor’, 3y fypc 3 4 3y 'dater kdy streams: Records Analyzed 2253 

t :.?Si 3:!4 ANALYSIS 

4'0 . of AcctV.aDLe 3ins (1 5 Rccord3) 7: 3in 4~8 Kp ( l/icq) : 45,300 

CSRRE!JiZ,^N CZE..iC:E!CS (partial) 

- :’ K ss 1 = 4.995: 3’ 

9 ES2 ES.5 :ZN 

K 3 ss: vs 

SEfZN3 3 Z.U A!:ALYS:S C For K’ : K SS- 7 
P P 

0T Accepca3le Bins ; > 5 !Iecsrds) 15: 313 Avg K 
l 

Yo . 
P 

= 9.7 

CZRRELATZ3N -n’z!CIE.C (partial) : r(K' WV_. . 
P' 

9CD) : -0.450. r(K' 7: : 
P' 

-0.22u 

3 ESR ES :2%s 

. . . 

2: 

K 
3 

. vs 903; 

K ’ 
3 

= 30.2 x ( 90D)‘3’ u43: rmult : o.u50, o 
l x D 

: 0.293 

l 
Y 

P 
vs BOO 4 ?; 

Y’ 
D 

s 32.2 x (90D)~“*U’U I 104*oo’i: rmdt r 0.~65, J 
CID1 

: 3.316 

J 
CXP2 

: 9.903 



snips are dissolved and particulate chemiza:, and SUSotnr’.ed 
solids. 3c ~oucst atdcr of data records, T-jot a, and a3ove 

could be used, thus substantially expandinq the data base f3r 
final l analysis. Hence, the final correlations 5e t’dee7 

partitioninq and suspended solids concentration in streams and 

iakes uere Sased on all available data records in ST3REf for 

these types ot water bodies from which a pdrti tion coefficient 

value could be determined. >!s represents a relatively Larqe 

fraction 3f the total availdSLe data Sdse with only data fr~r7 

crtudrine, ocean, niscc!ldneous sourtes, e-c - . . , 30t inc: ,ld e4 ; c) Y ..* 

t?e analysis. 

An illus tratfon of the results of :‘liS analysis is presen:ed 

sn Figures 5-3A and 5-38, for the ?riqri:y metai zinc in streams 

and lakes, respectively. As before, the data records were sorted 
i”‘, . II c a number of bins, each 3f uh ich Ud s characterized 3y a 

specif;ed ranqe of suspended so: ids. Parti:ion coefficien:s ‘Irene 
:a:= ulated from the data records fa!lins vithin each eomoartment, 

and the 3ln means and other statistical parameters ve c e 

dctenined. T3e bin means vere then reqressed vi:9 Sin nean 

suspended soL!ds concentrations. The Loqdrith7ic rfiaqrsms 

Fresen t t9e Sin mean pdrtit!on coefficients p!3,ttC?cf with F?i?# 

averdqe suspended sol ids concentratfon ar.d the reqression : ine 

irhich corre’lates the data. Also shown on the diaqrams are the 

standard deviations of the bin values for the 109 normally 

distributed partition coefficients. The stronq correlation 

between the calculated partition coefficients and suspended 

so? id s is l vidunt from the diagrams. The analysis also indicates 

a ,dide variation in the par:ition coefficients calculated within. 

the various solids intervals as indicated by the larqe standard 
deviations. Values can vary by four orders of maqnitude. 
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?7e ar.alysis iodicaced aSove ‘3as De:f;,r71eC! f3r eacn 3r;zr:::~ 

metal for 20 Ch streams and lakes. The exceccions ders S::*Js: 

(s:c4a3s and lakes) and arsenic (lakes for ,dhicfi sccc:m; a- - --am._ ,_ 

;nf:,r-\a:i3n . vas not available. Figures S-4A and 5-43 =resen: 3 

sunmar%/ of t n e reqre.ssiJn lines f3r car:ician c2efficien:s a.?? 

suspended so! ids for the various Driori:y neza:s fD,r screams ar.5 

lakes, respec:ively. 3ese diaqrams can 3e ased f=: r -hP -.. - 3e5: 

escima:e 3, c a partition coeffizien: value f3r a 3ar-z -,a- 3’ .s.m4m . 

pr:0 ri:y me:al Sased on suspended solids z=nce:z:at;zn. ?i::res 

A-10 :3rouqh A-i7 in the Aopenrt ix crescent :ne 3a:a -- 3YZ -..e 

reqression lines for each qt!oricy -eta: in S:.‘od”f an2 :al<es. 

TYese “,iaqr3ms should be consu!tec! in c .: e se:ec::3: 2: 3 

partition c3efficlen: value In or?er :3 in?icate tne ?e?ree =:f 

var ia3il:ty which may exis: around a parzicdlar val,Je 3~. _ ._ --a 

basis g,f :.?e analysis of avaiLable data. 

Table 5-4 !s a summary af the sta:is:ic31 3r33e:::25 2f C-.0 

reqression equations for partition coefficients and s:sr;endsd 

so: ids as developed for c.he priority metals. T%e n~s:nzer 3 f 2a:3 

records in each evaluation is ind ica:ed alor,; .-:f7 _ _ -‘a 

ex?onentiai cons:ant, correlation coeCciPient, 3-.r! w ..- 5:3-.?ar-1 

d 9’J iation of the slope. It is evident fr5rn c:e canLo ::a: _ ._ c-0 

Sin mean partition coefficients are very hiqt!ly c3tre:3teC! .- 4’ -9 

suspended solids in all cases 9uc lead. 

IC i s noted chat the calculated oarci:ion coefficieq:s from 

lakes are consisceacly greater than values in streams fzr -..- 0-0 

same priority metal, in all cases except for qefcury. Tkls 7la,/ 

Se due, in qeneta!, to a more orqaniz C >acure 3. suspender! 

materials in lakes than in streams. 
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METAL 
K8UOrdS 

Ar senlc 

Codr L uu 

Chralu 

hPVr 

Leml 

H-u 

YlCkCl 

Silver’ 

Zinc 

1635 

254 

345 

2722 

1545 

369 

1394 

2253 1.25r lo6 -0.703n 

STREAMS 
K 

PO 

n. 4ar IO6 -0.7286 

4.0011~6 -1.1307 

3.361 IO6 -0.93nr 

1.04d -0.74 36 

0.31r106 -0. IRS6 

2.91~106 -1.1356 

o.19.106 -0.57\9 

TAIILF 5-Q 

STATISTICAL PARAMETERS FOR VAA IflUS METALS 
lEGlESSION YITII SWPEWMD SOLIDS 

r 

4.091 

-0.998 

-0.914 

-0.994 

-0.350 

-0.990 

-0.974 

-0.995 

0 
a 

0. n372 

II.0990 

-0.206 I 

0. a354 

0.2219 

0. na9r 

o.n591 

0.0317 

lkcord s 

1 

296 

211 

577 

411 

I69 

2A5 

914 

LAKES 

Kw 

3.52~106 -n. 9296 4.993 

2. r7r IO6 -n. 2662 -0.RlR 

2.n5d -0.9nnn -n. 955 

2.nwd a.5117 -0.965 

1.97d -l. 1718 -0.963 

2.21 H in6 a.7578 -n. 970 

r 

-n. 8119 

J 
” 

0.2141 

l lnsufflclcnt bins to perform regresslon 
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STATE CODES 

ALabama 
A?asua 
Ar i fona 
At kansas 
Ca, ’ ‘46 l .orn:a 
CoLorado 
Connecticut 
Slavarc 
3is=r;c- 6 .w- 0. Co:Lunbra 
Flar ida 
Ccorq ia 
Hawaii 
Ida50 . . . .I,:nois 
:nd iana 
Zowa 
Xar.sa s 
Ke?: ucr<*j 
Louisiana 
Ma ; -- . a* - 
.?laryLand 
Yassacnus-c-f m-b 
.?A ic?.:qan 
?l!nnesota 
Yississiqpi 

al 
82 
a4 
as 
er; 
08 
as 
ia 
? 1 
12 
13 
!5 
15 v* * ’ 
:8 
19 
20 
21 
22 
23 
23 
2s 
26 
27 
20 

;rissouri 
Montana 
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Nevada 
New Hampsti i :e 
Ncv ;crscy 
New L4ex ice 
New York 
Yott? Carol :na 
No:th 3ako:a 
Ohio 
Ckiahona 
3r eqon 
?ennsylvan:a 
Rhod c :s:and 
souc!? Cd-h7 ina .w. 
50 uth “Ya K.0 :3 
Tennessee 
Texas 
utan 
Vc r-on: 
Virqfnia 
‘Washinqcon 
West V!rq!n!a 
Wfsconsl3 
Wyom 1 nq 
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FIGURE A- 1 OA 

PART:7 ION COEFFICIZIT AS FUNCTION OF SUSPENDED SOLIDS 
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PARTITION COEFFICIENT AS FWCTION OF SUSPENDED SOL:CS 
CADXIUM IN STREAM 
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Introduction 

water quality based effluent limitations, as envisioned by Section 
303 of the Clean Water Act, call for an analysis of the capabilities of 
water bodies to accept pollutant loadings without impairment of their 
beneficial uses. Ambient water quality standards indicate the pollutant 
concentrations allowable for attaining the use. Predicting the effluent 
loading restrictions needed to prevent violation of the ambient Standards 
can be accomplished on a site-specific basis using mathematical models. 

The desirability of controlling toxic pollutant discharges has lead 
to the recent development of a number of algorithms and computer codes 
which articulate the environmental transport and transformation processes 
relevant to toxicants. The purpose of this catalogue is to summarize the 
characteristics and capabilities of several of these simulation routines 
and thereby assist the potential user in identifying, selecting. and 
applying the documented and supported mathematical toxic pollutant fate 
models appropriate for the problem at hand. It is understood that final 
model selection will be a function of several important factors: 
complexity of the aquatic system simulated (e.g., number and nature of 
pollutant sources, system hydrodynamics. physico-chemical groceries of 
pollutant, etc.); available resources (i.e., relevant data bases. 
technical expertise, economic, and hardware), and the ultimate use of the 
simulation results (e.g., permit writing vis-a-vis waste load allocation 
analysis, scientific research in pollutant behavior, etc). It is up to 
the analyst to prioritize each of these factors according to the 
constraints of his particular analysts. 

The models discussed in this catalogue do not represent the universe 
of available toxic simulation routines; however, they do represent an 
adequate cross-section exhibiting a wide range of complexity and may be 
considered representative of the types of models likely to find use. 
Furthermore, this catalogue does not include models with toxicant 
simulation capabilities limited to the processes of pollutant delution 
and simple first-order decay in the water column. 

All of the models listed here are general in nature; they take on the 
characteristics of a specific site only by specifying the parameter 
values appropriate to that site. They are all readily available and at 
least moderately well documented. All predict toxicant concentrations in 
the water column an In the bed sediment. As a group, they apply to 
streams, rivers, Impoundments, lakes, estuaries, and coastal waters, 
although some individual models are limited to particular types of waters. 

Each abstract Summarizes the model’s theoretical Characteristics, 
input requirements, output information, primary strengths, limitations, 
and response requirements. It also indicates where the model has been 
applied, and how to obtain further information and user support. 
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Water Quality Assessment Methodology (WQAM) 

Summary 

The water Quality Assessment 
Methodology (WQAM) (Mills et al. 1982) 
was developed by Tetra Tech Inc. of 
Lafayette, California; Monitoring and 
Data Support Division, OURS; and the 
Center for Environmental Research 
Information (CERI). The methodology 
was designed to perform preliminary 
(screening) assessments of surface 
freshwaters. The original 

Capsule Summary: WQAM 

Far-field, steady state, 1- 
dimensional model 
Procedures for assessing river, 
lake, and estuary water quality 
First-order decay kinetics 

Requires only a desk top calculator 
for calculations. 

methodology (Zison et al. 1977) addressed the identification of problems 
associated with sediment, nutrients, dissolved oxygen, and some urban 
pollutants in streams, lakes, and estuaries. The updated version now includes 
provisions for the assessment of toxic chemicals in the environment. WQAM is 
a simplified methodology in that all of the calculations are intended to be 
solved by a desk calculator. 

The methodology was designed as a screening procedure that makes use of 
available generic data. The analyses require little external input since much 
of the needed information is provided by tables and figures within the 
manual. It predicts far field, average steady-state pollutant concentrations 
in rivers, lakes, and estuaries as a function of long term average maximum and 
minimum non-point source and point source loads. 

Calculations performed by WQAM are divided into four sections. The first 
set is for waste load estimations of toxic and conventional pollutant loadings 
from both point and non-point sources. Procedures include load estimations 
for single event and annual loads from agricultural, forested, and urban 
areas. The Universal Soil Loss Equation (USLE) is used for agricultural 
areas; the URS Urban Water Quality Management procedure (Amy et al. 1974) and 
the Stormwater Management Model (SWMM) Level One Screening procedure are used 
for urban areas. The estimations may then be used to assess the water quality 
impacts In rivers, streams, lakes, and estuaries. 

The response of rivers and streams to the release of pollutants is 
predicted by the second set of calculations. Variations in longitudinal 
pollutant concentrations are estimated. The calculations are based on 
steady-state, plug flow solutions to the conservation of mass equation. 
Conventional pollutant interactions presented Include 800, 00. temperature. 
coliforms, nutrients, and sediment transport. Procedures for toxic chemicals 
Include methods for point and nonpoint sources as well as for large single 
event spills. The fate and transport of toxic chemicals are assessed using 
volatilization, sorption, and first order degradation. 
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Yetnoas for assesslnq water qua11 ty and Dflyslcal cond!tlons In ;akes are 
addressed ln tnc third rectlon. They are based on emplrlcal strat?flca:'on 
relatlonshlps and -8~5s balances. in addltlon to toxic mdter:als, 5eClmen: 
accumulat!on, thermal stratlflcatlon, BOO-DO lnteractlons, and cut-opn\cat:m 
are covered. The fate of toxic pollutants Is estimated w\:h re5Dec: to 
b?ologlcal uDtake and bloconcentratlon In addlt:on to the anyslco-c3em+ca' 
ptoger:?es of :ne uater and the chemical. 

The last section DrOVldeS metnods for estuaryne ua:e’ :ual’:y assessTe’lt 
and 2realc:lon. The procedures Include mean5 for estuary classlc’:a:‘32 
(vertically stratlfled or vertically wei; mlxea), :ur31C!:y. seClme?:d:':n, 
tnerna 1 poilut'lon, transport Of COnStrVat:Vt and non-ConStr’Jat’Ve SO:'~tan:5, 
and flusnlnq tlmc gted!ct?on of 2o:‘u:ants. Analys!s of ~O~g!:;~'~d' 
poY;utant dlstrlbutlon 1s estimated 3y t-00 3lfferent me:?oOs. :?e car F’e:: 
aDDroach and tnt neat Fltld awroach. The near FYe:d a:Droac? acczu-:s <3r 
t3c 3ucyancy ant momentum effects 3f the 2ol:u:ant -n”e . _ l L0 Cd’ C’e.3 

aDot:acY !qnores tr\ern. 

'id)At' ! s deslqned to oDerate w::n mln1mu.n Sd:d. ‘PC3qn!L’c$ ::a: t?e YC’? 
3a:a dva! lable. :.?e ,3ore accurate :ne ana:ys! 5. A‘:>cJqr m~#,, -au JTZV ‘3es -kc- 
Infornat!on, most of 1: Is general In nd:urv. 

ZTlPU C Za cd Requ? remncs 

'i&U Drovldes most of tne data requited for t>e ca:cuYa:lons. 12 ;ene-a', 
the only data not 3rovtded are c:lma:lc anC >yCroloq!c. C"md:': :a:3 -eoCer 
Inc:uce 3reclpltatlon. cloud cover, and humld::y. 7he type 3f >ydr3:2<‘: 
:nfornra:lon reqU!red !nClUdeS runoff OUantltleS, s:atlSt:Ca: flh5 SJC? 35 
7010, s:aqnant reqlons, stratlflcatlon, and t5‘:uarlne :!da: 3rlsm. 3 : .? e r 
3aslc lnformatlon Is also needed such as land use, stream leng:?s, :ake zect35 
and volumes. and estuary sallnlty dl:trlbu:lons. 

Curgut Desct:3c?ona 

UQAM's output Includes prtdlcted concentrattons of a 2ol:u:ant 
(conservative and/or non-conservdtlve) over dlstanct from :ne 1nDut source 
In addttlon to predlctlnq pollutant concentrations, wOAM Dredlcts: 

0 StrtatTl COflCtntrattons of 800, 00, total N, total P, and temperature, 

o lake nutrlent concentrations, eutrophic status, an6 hypollmn?on DG 
conccntratlons. 

0 estuarlne conccntrat?ons of 000, 00, and ‘ita, H and P. 
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A_dvdnCdqes cud L:mL :dC?OnS 

The major advantage ‘of HOAM 1 ItS In Its slmollstlc aDoroach to waste load 
assessments. All tne tquatlons In the methoaoloqy are alqebrafc. dnu tney c 

De solvea uslnq a desk Calculator. This Is a major advantaqe over o:hel 
models In thdt the user dots not need any proqramnlnq ex3er:enct. f#OAP 
provtats "tyokal' data uh!ch can be used In lieu of actual data For 
prtalctlnq cfiem\cal concentrations. Another advantage of wOAH !I that I: can 
be used for ud5te load a55tssment5 Of eStuarltS as tie17 as :akts and r!vers. 

Because of Its SlmDllstlc aooroacn, kQAH cannot 'nc:uae a:' t3e 
Dnys!co-chemical processes ac:Tnq won a pollutant. It '5 des',qnes fsr 
:onq- term pollutant loatllnq and average steady-state c3ncl:t'ons ant toes 10: 
address trre snort- term effects that may be assoc'dted tit:3 :3x’Cs ‘oac17qs. 
The methodoloqy does cover the assumDtlons under wnrcn :ne a;;cr':?ms are 
develoPed and DrOVldtS the user :he llml:a:lOnS of some of :?e :zo'.s 3'eseq:ed. 

aCAP cl3se:y ttlates the loadlnq of conventlonal ant :3x': >o':d:ant: :c 
pecelv'ng raters tc :ne 1055 of rolls and sed!men:s ana :ne anoun: 3f -;rnoff. 
The ion-Dotnt source :oad:nq $ect\on Ut!l\ze5 :ne un! JerSai SO!; ,355 :3Ud::$t 

for aqr\cu::2ral areas. !t bd5 deVelOOed prtmar::y c3f C*oO’dncs d?(: 33t: "Cc 

3reC:c: er35:on from s:reamodnks, dltches beslde poaCs. 3r ;G"'PZ. 'Ye 
5:pedm ant river set:: on 15 3asea on 5teaayr5:a:e. 3lag c‘~r sc'd:'3n5. :: 
dssumes S!s3erslon :o be s&ma;1 c3mDareci :o ddvec: :on. :he Cd:Cti:d:‘;ns dsS;me 

the Yo:lc system :a be vert!ca:iy ana laterally m\xea and :Yd: arj :eray 3’ 
:3e 2o:iu:ant to De Firs: order. 

In tstlma??nq tne Fate and transDor: of pollutants In a laxe, :3e 
met~odo~oqy account5 For b!odeqradatIon, volatll!za:lon, ana s&l>en:a:':n. 
Horever, the model neqlects stvera 1 Important gnyslco-c5enlcal Jrocesses 
(e.g.. Dnotolys~5. oxldatlon, hydrolys!s, coaqula:Icn-f:occu:a=lon, ant 
prtcl~!tatlon). 

The :ransDort of pollutants \n ertuarler assumes cont'nLou5. s:taCy-5:a:e 
dlsc3arqes of Dollutants. The dlstrlbu:\on of pollutants Is base< 3n :?e 
Fractton of Freshuater and/or modlfled tidal prism methods For calcula::nq 
flusnlnq times. The fraction of freshuattr methoa assumes uniform sallnl:y 
and uniform mlxlng of frcshuattr. The modlfltd tlaal prism metnoc mode!5 For 
the tntlre estuary, regardless of Mere the pollutant source 15 located. 
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The orlglndl dOA!4 4s aoDl:ed and tested on t3e Sanausky Rive* Sas.17 ant 
four C!!esa3eaKe Say Sub-DdSlnS: tne ?atuxent. fYes:er. irare. ant Jc:ocuan. 

The model was used for slmulatlng sea:mentatlon. strat:f~cat~on, eutrc- 
Dn:cat:on, and 30 depletion. 

The mooellng Sf toxic 3ollutants nas aeon done us!ng 3ata <rzrn :;ra’v:‘le 

Reserv!0r, 10wa. The Insect: clde dleidr!n had acc3mu'a:ec 'I: :?e -eSec'J!3r 
from ::s use on agricultural f!elds. The Cata frcm Scclnoor's : !9&1: -ezor: or 
trre reserv!or das used to test :3e accuracy 3f b~C;rn. The resu‘ts :>.cbe: rrC:,u 
to 3e In agreement tilt3 Sc>noor (198:; c3r dle;dr'n :3ncent-3:':" 'T ZC:? 

-a rer ant flsn :Issuc. 

;'ser .s;z,cc - - 4C"', -'e .- -1 .-- 

Zco:es of flCAU ( E?A-6ilO/6-82-OCaa-3) a'? d,Jd':aD:e c-:m :ne :E?:, _ 5 E::, 
C'iclnna:', Onlo. (534-684-7562). 

User assls:ance zay 3e obtalnec 3y c0n:ac:lng: 

2ober: Amorose 
USEPA 
E?A AtQens EnvIronmental Researcn Laboratory 
Center for dater Quality ?4odellng 
Atnens, Ceorgla 30613 
iTS 250-3SaS COM bob-Sb6-3S85 

C_enera: References 

Amy C. Pltt R. SIngh R, Bradford iL, LarJraff I%. 1974. riatec ' I c. :ua# #.j 
fndndgement planning for urban runoff. U.S. Envlronmentai 2rotec:lon Agency, 
i4ashlngton. O.C. CPA440/9-75-004; PB 241 689/AS. 

Hills w6, Dean JO, Porcella 08. et al. 1982. Tetra Teen, Inc. Water auallty 
assessment: a screening procedure for toxic and conventional pollutart 

Laboratory. OffILe of 
1 Protection Agency. 

Part . . Athens, Georgia: Env\ronmental Research 
Ironmenta ReseL ch and Develdcment, U.S. Env 

EPA-60016. a2-00ba. 
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rlils i-46, 3ean JO, Porccl:a 08, et al. 19a2. fetra Tec3, !nc. hater 3ual Ity 
assessment: a screening procedure For toxic and convcntlonal ~ol;utants . 
Part 2. Athens, feorgla: fnvlronmental Research Laboratory. Of"ce of 
RcscarcY and Ocvelooment. U.S. Envlronmental ProtectIon Agency. 
EPA-600/s-82-004b. 

ScBnoor :L. 1981. Fate and transDort of a\eldr\n 'In Cora:vYl:e Reservlor: 
residues In flsn and rater folloulng a pestlclde ban. Science 211 :840-842. 
February 20. 

Olson Ski, Haven r(, Ml11 w6. 1977. Tetra Tech, ?nc. hater auallty 
assessment: a screening methodology for nondesIgnated 2ca areas A:nens, 
Ceorgla: Envlronmental Researcn Laboratory. Office of Researcr: ant 
3eveYooment. U.S. EnvIronmental Ptotectlon Agency. EPA-600/g-77-023. 
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Slm~llfltd Lake/Stream Analysis (SLSA) 

S-y 
Capsule Sunundry SLSA 

The S:mgllflcd/Lake Stream j 
Analysts (SLSA (HyUroOual 1982) Is a i 
slmpllfted uaste load assessment model ]* Sready state and Cl.7~ vdry:nq, 

deve Y ooed 3y HydroOua 1 Inc., Clahuah, 1 2 -d2mn~~ond:, czmpdr aer?: .node~ 

neu Jersey, fOf the Chemjcal 0 FteShWd:eE, ?JUn-Cidd; dqGdC:C 

Manufacturers Assoc:at?on, tiasn\ngton, 1 sys tenu. 

D.C. It ana 1 yzes. organic and r SLmpie flrsc-order tineclcs. 
9nOrganlC c~emlcals In slmpllfled lake * sUL:dblC for had Zd:C2,d::ZC Sf 

and stream se:t:nqs. SLSA calcula:es I s:nple FCRTFA.4 ?tzq:am. 

the d!ssolveC and sorSed steady state y 6dsy c3 set U? and u3e 4 
conccntrat'ans of a pollutant In :tie 1 * 
water column ant bed sedlment us'lng an ana:yt?ca; so:u::on. ‘!7e note' 
Drovldes d less rigorous aDoroach t0 gollutdnt ' t’cn 5 !,7lU n d t?an CXC'c?X 
comoute~ 3r3grams. It 1s most dpD11caDie t3 single (or 3unc.7e<; 3c'nt 5:u-c~ 
load!ngs. The lntent of t!l1s mode 1 1 ‘S t0 naue :Ye :7em'cd I c3:e :! 3 
30 ( '?u:an? !n d freshbate system unaerCtanCd$:e :o an 3n:>ec'a:':eC dna'y5: 

SiSA models streams and rivers ds 3elng tie:? mIxed tn cr3sS-sect'cn arc a: 
having a reld:!vely constant flou and gecmetry. An analytical solutton Is 
gtven for pollutant concentratton as a contlnuour Cunc:lon of dlsrance 
downs :ream from tne loading source. The model dlS0 estimates 30':J:d,I: 

concentrations In :ne uater co1 umn and bed sed!men: of uns :ra t’C’6-j 
Imooundments or lakes. SLSA slmullfles the hydroaynamlcs of t?e syszem;; 
aqueous transport Is a function of tBe mean 1nfJow rate of water. t?e aeD: 
and volume of tne segment modeled, dnd the stream veIoc1 ty or lake nyarau: !c 
retention time. Stdlmtntdtlon and exchanqtng bed condltlons are accounted 
for, however, the bed 1s assumed to be completely unlform. 

SLSA only considers advectlon In the transDort of a pollutant. Pollutan: 
losses due to degradation processes are represented by slmole first-order rate 
constants supplttd by the user. The constants are then sunrned to y!ela an 
aggregate decay va 1 uc. Practical methods. for evaluating t3e Interact:ons 
between the water column and bed stdlment particulate sedlmentatlon and 
reruspenslon and dlffurlvt exchange are provtded. 

SLSA Is er~en’lally a 1-dlmtnr:~nal, steady-state model; however, It 1s 
capable of th,ee quasi-tlmc vatyln. dnaryfts of lakes In uh\ch the pollutant 
discharge rate ts at steady state. The first time-variable evaluation 
Ptrtalns to the water column and bed stdlment pollutant responses to dn 
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Instantaneous cnemlcal load. The other tuo evaluations deal utt5 :fie water 
column and Bed sediment resgonsts to l ltner an Inltlatlon or cessation of long 
ttrm pollutant loading. 

SLSA 1s amenable to desk calculations, though a cornouter program Is 
available for convenience. The orogram 1s urltten In FORTRAN IV level C and 
1s convtrtlble to most standard computer systems ulth FORTRAN comglltrs. The 
relatively srrrall core requtrements of tnt program and the rOeed of cxecutlon 
make the grogram very ComDattble ulth microcomputers. 

Input data repulrements for SiSA are llmlted and are arrange2 'n tf\rer 
groups: 

a Pollutant Input - pollutant loadings to the recelvtng ba:er. 

0 Transport \nformtlon - flou rates, water and sed!meq: CeSt?s, 
lengtn of stream, solids In water coyumn ana sea rments , 
sedlmentatlon and resus~tns!on ve1OCt:~eS, dlffuSlve exctiange. 

0 Transfets and klnetlcs - water column and redlnent 3art!t!on 
coeff!clents; uater ca:umn ~notolysls, volatll!zatlon, nycro!ys!s, 
oxldatlon, and blocIegradd::on first- oraer coefflclentr; 5eQlmen: 
nydrolysls, oxjdatlon and 3lodegraaatlon rates. 

The moCel def tntS the data requlremtntS and txpldlns how ?O CVd: Jate dnCl 
pre3are It for use In tne calculations. 

o_ucguc Dcset:~clons 

SLSA output Includes sumnatIons of the model’s lnouts and dlagnost!c 
lnformatlon that aldr ?n dttermlnlng the relative ImDortance of the 
transport mechanl sms. The recelvlng uattr’s response to the pollutant 
load *s presented In tabular form. The response 1s presented In :er'nS of 
pollutant concentrations In tbt water column and bed sediment. The 
Concentrations can be further refined to estltnate the dissolved and 
parttculate concentrations of each phase as well. 

Advdn CAqef and Llmt Cations 

The maJor advantage of SISA 1s that 1 t Is a simple and easy-to-use 
mode? Ihlrh can be appl led using hand calculations or small 
mlcroc .nputers. SLSA requires only mlnlmal data Input. Model set up and 
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USC CdP be dccompllshca In relatlvcly snort tlmc as compared t0 orPer 
moacys. 

SLSA has some time varylng cagabllltles and can account for s ome 
lnteractlons bctrcen the water column and bed sediment. 

Because of SLSA's slmD?lstlc approach 1 t has sevtra 1 llmltat'ons. 
31sperslve flow Is not accounted for as In ot3er noaels SUCK as CTAP, :IUS 

Ilmltlng Its use to rclatlvely slmDlIst!c systems. The bed sed 1nen* +s w . 
assumed to be completeiy mnlxea and undergoes no movement. ?ecdy nec?dn'sns 
are al? first-order. Suspended solla concen:ra:'on :s cerr: c3nst3n: a: :.7e 
lnrlut value ana only a slnglc parttc’e s!ze 1s :ons!aerca. On:? 33ne pe3c7 
tilt5 a single Dolnt source loactng and no aaa‘::ona: tnf:ous are per3t:tea. 

SiSA has 3een doplled to a 90 km teat? of 2dOlU Crc?er 'n ?do!C C’ty, 50~:: 

9dKOtd. ‘he nay ared tids 1oca:eC dcunstredn of d wn!c!3dY rd::~~d:e- 
tred:me’lt plan:. rhe Dollutan: con;ldereC rd s :7e sJr’dC:dn:, ’ ‘??a’ 

dYkyl3enzene salc3nd:e (LAS). The tteataent 3 idnf ~a5 t9e on’y rncun s3u-ce 

of LAS. 

The model was aoplled :3 reflect dlutndl IOdd var’db!ll:y c3r 'znq-:e*7 
Yoaa!nq. The prealc:ed biater column concentrations were s:'gn:;j 'her !?d!l 
:?e dctl;a: concen tratlons, but there tias good aqtoelnen: 3et'reen t*e zpec'c:e< 
and dctdd’ concentra?:ons In the bed sealrnent. 

Evaluation of the model Inputs shoved the accuracy dnd val!a’:y of tnese 
estimates to be good. There were however, d!scteganc!es In tne Itn8b.n F:ous 
and LAS concentrations. The known concentration values of the plant effyuen: 
were based on only five samples taken over a ho-year Derloa, necessl:a:‘nq 
calculations of alternative effluent concenttatlons. The es:lmdtes In :?ose 
CdlCUldt~OnS PrObdbl y COntrIbutt?d to any Oev!d::ons 3etreon SiSA-c2mDu:e!I 
concentrations and the actual concentrat!ons. 

SLSA requires a shurt (280 ‘Bytes) FORTRAN program and a small storage 
capacity. If progranmlng Is desired. 
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Ysec Support Act: vt c:es 

coores of :,?e SLSA user manual, as well as documentd:Ion, cdn 3e obta!ne? 
from: 

bIllYlam Culledge 
Chemlcai Yanufacturers Assoclatlon 
2581 M Street, N.H. 
Uasn:ngton. O.C. 70037 

202-887-1183 

Other ass4s:ance can 5e obtalned by contacting: 

Jonn 5:. John 
EIomenlc OlToro 
HydroOual Inc. 
1 Lettiorldge Plaza 
~alwah, Yer Zersey 07430 
2Cl-S29-5:51 

Seneral Reference5 

dydr:Cud’, Inc. 1981. Analysis of fdte of C?em!Cdls !3 ‘!?Cp’v’ns rdte’: 
Dcldse :. a’e3dred for: Chemlca! %nufdc:urerr Assoc’dtlon, ads?‘T$t~n, 3 :, 

dydrOCud:, Inc. 1982. ~DDl~CdtlOn gu!de for CYA - HydroQual C?eqn!:d’ fdt? 
ncae:s. 3re3drea for: Cbmcal ManUfaCtUrerS ASSOC:dt!On, ndS3+nq:3n, 3 C 
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Mrchlqan Rtver Yodel (r:CHRlV) 

t 
The M:chlgan R?ver Mode i ?!IC.YL”J 

:DePlnto et al., 
(YICHRIV) I 

n.a.) was 3eveioDed dt the 
CapsuLe Surnmdry 

E?A's Env:roementa: 2esearc5 LaDoratory - 
3uJut5, Larqe :dKeS qesearcn Statlon, e 
5r3sse T:e, r!c>!qan, spec*flca:Ty for ;rse l 

S:eddr? Szdce,: -C1D!?ns:z.~d; 
.Ycceis r:vers.‘s:re~~~ 

!n tke -as:e 1 odd a:'ocatlon program* l S:.lrplC f:rs:-srde= <:.Ye c:=s 

r!CnR"i s!mulates steaay-state Easy :o set ap anti use 
c. t'ins 

c Oncen- b 
. d of ~ollutantr from loaalngs Into 1 
r!vers for tne water column and bea 

seC?men:. 1: has :?e aolllty to model sdccess!ve *e3c?es I'Ts:e3:: 2; J:c,: 
one) gs*nq dn dna?yt!cal solut!on. I: Is falr'y s:n!?ap :s SiS> Zi: 's 'cc,: 
slmDY!Cfec and more flex:ble. !4ICHR!‘/ 15 ccuwdraD:e :3 SCSA excezt ;3r. 

1 : uIf4R:'/ Drea!ctr 3ar:lcu:ate concent'at:zn: In :,?e dater :3';Yr ::l:-' 
varldbie); SLSA rredts 1: as an InDu: 3ara czns:dnt 

3j r?CtiR!'d 1s not lntendea for lakes unerpdr SCSA 1s 

r!CHRI'i s Imu:a:es :>e advectlve trans30r: of U'ssolvec 3rc _"I --I dC'^"P 

30 ;:utants. ihe mode: employs first-order decay mec5an!sms For 5-p<'::'-; 
pol;utant alstrlDut!ons. An aggregate f!rs: -0rQer loss rate c3ecc'c'elf, 

reoresentlnq the sum of a number of processes. ?nclud:ng vO:d:: !':3f'?C. 

hyaro?ysls, pnotoylsls, orldatlon, and btodeqradatlon, Is used ln t?e ncce' 
Bed-water Interacttons include scttllng, resuspensron, Sur!a? of par::cz'2:2s. 
and d !cf~s!on of d!ssolvea constituents. 

The model 1s urttten In FORTRAN, Is user orlentea, dnd prov!Ces qr;!zar.c? 
for lfwut data preoaratlon and model aptton seiectlon. MICHR?V has f'ex:3:e 

batcn Input routines sultable for multiple reacnes. 

fnpu c Requl rcmn cs 

MICHRIV requlrcs basic Information for modeling: 

0 Loading rates of pollutants and soljds to the recelvlng rtver. 

e Flow rates, length of reach, water depth. and cross-SectIonal area. 



0 Partltlon and flrSt-Otdef decay cocfflclcnts for 90th :fie dater coiumn 
and bed %td\mtnt. 

0 Stdlmtnt/uattr excnangt parameters; rtdlmtnt soltds concentra:\on. 

MICHRIV crtdtcts pollutant conctntratlons as a function of 0ls:ance from 
the loadlng source. Total and dlssolvtd pollutant concentrations for 3ot? :3e 
water column and bed scd\mtnt art re3orted. Suspended sed!meqt concentrat!ons 
are DrtdlCttd as well. 

WICHRIV Las developed s3eclflcally for rlvtr?nt uas:e load a~locat'c?:; 
ItS level of congltx\ty MdS Intended to be sultaole for d'descroac 
a3ollcat’on. It requIrcs less tnan two dozen tnput Sarameters 3ep -eat?. 
:3erecore. model set up time 1s relatlvtly raold. 

M:tHRI'f !s cles!gned for single r!ver systems and 's no: ac;-33r'a:e C2r 
river ntt'dorrs, lakes. or estuarler dtn0ut mod?f\catlons. Otnef 11m':af'3ns 
of ":zHR:V !ncludt: 

l The moat\ \f tttaay-state u\th res.Dec: to flow anb Yoads. 

0 Oecay grocesses are first-order; It has no sDeclai':ea seconc-orzer 
organic decay routlntr. 

l OIsDtrston 1s assumed to be negllgtblt. 

l Sorptlon/dtrorptlon are assumed to be tnstantaneour. 

l 0td load 1s not ptrm! tttd. 

MtCHRIV uar tested and apDlltd to a 60 Km reach of the flint River, 
Ctntset County, Mtchtgan. The appllcatlon of the model dealt ujrh :ne 
dlstrlbut?on of t\nc, cadmtum, and copper from point sources. The ma\n 
purpose of the study was for callbratton and fttld ttstlng of the model. 
Callbratlons utrt made on sollds transport aAd uattr column partltton 
cotffjcltnts to yltld rtasonablt ?rt4lctablt total and dlssolvtd metal 
conctnttatlons. The results were :asonablt enough to demonstrate HICHRIV's 
ablllty to accurately slmulatc stdlmtnt and water column conctntratlons of a 
pollutant. 
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Rc¶ourcc ReQU tcmcn cs 

MICHRIV 1s urltten In FORTRAN. The user manual and documeotat?on are 
COntalned vlthln an EPA draft report on teChhtCa1 gutdance for waste ioaa 
allocation studies. 

user SuQDorc 

rlICHR:V 1s currently under revleu and should become ava“aDle ln the near 
future. Technical asslstanct for MICHRIV can btlobtalnea 3y c3ntactlng: 

8111 L. Rlcnardson 
us EPA 
Environmental Researc9 Laboratory - Duluth 
Large Lakes Researcn Statron 
Crosse Ile, m!cYt!gan 48138 

or 

Joseon V. OePlnto 
Clarkson Col:ege of Technology 
Potscam, Yeb York 13676 

Genera! References 

OePlnto JV, RIchardson idL, Rygutlsk? K, et al. n.d. 'ec?n!caY ?J 'zdnc? 
manual for Derformlng waste load allocat!ons. Draft re3ort. nasnrngt3n, 3c. 
U.S. Environmental Protection Agency. 



Chemlca: Transport and Analysis Program (C;AP) 

The Chtmt ca 1 Transport and Analysis 
Program (CTAP) (HydroOual 1981) was 
develooea Sy HyaroOual Inc., Manman, 
Hew Jersey for t!lt Chtmlcal 
Manufacturers Assoclatlon, hasnlngton, 
O.C. CTAP 1s an exttnslon of the 
S:mp!!c4ec Lake/Stream Anaiys!s 
(SLSA), also developed By qyaroQua1 
and UdS ats lgned for mare comoltx 
orob'tern rett\nqs. 

I Capsule 5 my: CAP 

!8 Steady-state. 3-d:+=nsIonal 
COqdt tmcnC model 

m 

i 

Scredau, sctaclftcd t:vets, lakes. 
es cudr:es , and cods Cal embdymmts 

nul c2ple wdsce Lnpurs 
Staple f ?=sc-order kineclcs. 

CfAP, l!re SLSA, Is des lgned to account for tne d!ssoived ant sorzec 
szcacy-stare c3ncentratlons of organic and 1norganlc pollutanzs :n 30t9 :?e 
rater :o; zmn ant 3ea sedlmtnt. Hcutver, Its greater comolex'ty a1’3us I: t2 
mode’ s:-a*YCleci . lakes, r!vers, tlca? rivers, estuar!es, ant czasta‘ 
cmoa~meits. CTAP 1s csrentlally l!ke SLSA In tnat !: !s a compar:3eqt ?oae‘ 
‘n -n':? edC3 C:mCar:ment 1s equ:va\en: :o one SLSA ':ake'. nobever, :TAP '5 
more ccmglex In :>a? these comoar:ments (up to 425) may 3e arrange6 Yn any !, 
2, or 3-Clmenslonal conflgura:!on (saa:lal concentration var!a:lons may PX*:- 

tn one, tuo, or tnrct C\ncnrYons). 'ahatsmorc, the ccmgartments ar 
!ntecacrlve tit tn each otner via advec: 1 ve and dls3ers:ve !ransDort. Mass 
3a'ance ecza:!ons are url::en for each compartment of 30th t>e dater :3:dmn 
and 3ed sealment and are !nterconnected to ad:acent. comDart7ents. The vesti:: 
\s a matr!x of equations unlcn are solved by dlgltal compu:a:lon. 

CTAP accepts multiple chemical load Inputs from different locaies to :?.e 
aquat!c system. It can also account for trlbutary Inflows and ul:hdraua:l as 
well. 

CTAP can bt used to slmulatt multl-dlmenslonal bed sed~mtnt condltlons 
In acal:lon, It allows for a moving bed, unere the upper-most layers are 
subject to movement In tnt alrtctlon of uater flou. 

CTAP utlllzcs the same first-order rtactlon klnetlcs as SLSA. The 
cotfflclents for fihotolysls, hydrolysis, oxlaatlon, and blodtgradatlon are 
SuDplltd by the user and then sumntd for an aggregate PX * constan+. Ye 
sorption-dtsorptlon mtchanlsms art assumed to occur Instdntan;ourly; a, !t IS 
assumed that soluble and particulate chtmlcals u\thln each compartment are In 
a state of local tqulllbrlum. Inttraqtlons between the water column ant bed 
sedlmtnt Include stttllng, resusptnslon, burlal of partlculates, and dlffuslve 
exchange of dlssolvtd constItutnts. 
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CTAP data requlremcnts are more lntenslve tnan those of SLSA. :n acd't'cn 
to tne standard physlco-chemjcal ~drameters of the auudtlc system . :'A? 
reuulres: 

0 Sources and amounts of pollutant loading. 

0 Segment volumes and lengths. 

a Segment flows per ohdse and dlsilerslon rates. 

0 SollUs types. dlstrlbutlons, loadings and concentrat'on. 

0 ?ar:l:l on coeff!clents 3y phase and segment 

a first-order coeff:clents for - water column onotolys's, ~o:dt"':?:'z?. 
hyorolys~s, oxldatlon, and blodegradat~on; seclme?: 7JCr3'yS'S. 
ofldatlon, and 3lodegraCa:lon. 

3a:a re~u !renents are described by tfle model along dlt> a 3'sczss'3n 2; -ck '1: 
3regare Cdtd f3r Input. 

cucwf 3oscr:pC:cns 

T!7e CTAP 0u:zut presents less dlagnostlc Information tndn SLS:. 3~: 2r'nt; 
out nore cornouted chemical c3ncentratlons ln tne dlsso'ved dnc ;d*:'ci'dt? 
3nases. The concentrations are Oresented ln taDu;dr f3rm for Do:3 trre -dfP* 
column and sediments. The output !s also arranged so !?at tne conce?:-df'zn; -. 
for eacn segment-comoartment are reported. 

Advantacxs and L?mi tat?Ons 

CTAP Is a compartmental model, very flexible In conflguratlon !uo t:, ::reo 
dlmenslons In Dot,? water column and bed sed!ment), and aoolIcaoYe :3 nc:: 

types of water 3061es. It can account for multiple point source waste :7pu:s. 
but no non-point sources. SpatId variable flows can be hdndled, :nougn :ne 
user must specify them since they are not predlcted. 

The model has no spcclallztd organic decay routines of the tyoe used In 
EXAMS; the user must tpeclfy flrrt-order decay rates. A single decay rate, 
uhlch Is the sum of first-order coefflclents of nhotolysls. hydrolysis, 
oxldatlon, b\odegradatlon, and volatllltatlon, Is used to predtct chemlcai 
fate. 66 I-udter \nteractlons are articulated ulth an tntermedlate level of 
comptexlty. CTAP allows for up to five different pattlC\e SlZeS; It dlS0 
allows for bed load. 
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rrodcl App!:cac:ons 

CTAP was aoolled to the ddtd collected by Games (1961) fr3m a 90-lrm rear- 
of Rap!0 Creek. Raold City, South Dakota. The study area das ‘ocat 
downstream of d mun\cloal uasteuater treatment plant. The cnemlca:. csns'dereq 
ubs the surfactant linear alkylbenzene sulfonate (LAS). The treatment 0'3n: 
was :>e only known source of LAS. This IS the same scenarto used to apo:y t>e 
SLSA model. 

The results of tne CTAP modellng 
of long-term 13adlng dre shown In 
F\gures 1 ana 2 for concentrations In 
:3e rater CDlUmn and sediments. 
l esoec:lve!y. The clrtled oolnts are 
the actual concentrat!ons. The 
prealcted concentrations In t.cle utter 
column uere In close agreement u1tll 
t5e actual; norever, trie predicted 
seclment vd;ues were si!gh:ly nlgner. 
*hen d!ur?al iOdd vdrldblllty ras 
accounted Car, t?e predicted sediment 
vd'ues were :I 3etter agreement. 

n 1b 

Ait>ougti not all the caoabll!tles 4 

of CTAP were used In :h!s apgllcatlon. 
= mm 
f 

:ne !nzu? 4s sufflclent to accurately --~a- 
oredlc: LAS concentratlonr. 3 ,,- 
Evdludtlori of t5e lnguts shored the l . ‘\ 

accuracy and vdlldlty of tflese 
1 c 

l stlmdtes to 5e good. a 
-m . n * Y . P 

3rCIaua 9-m ,I-rat, .I)* 
“Cum4 1 

Resource Requ 1 zenrn cs 

CTAP 1s urltten In Fortran IV and !s suItable for ogeratlor,, *1:? sY’;n: 
modlflcat!on. to the ISM 360/370, Univac 1138, COC 6600 ma’nframe cQmou:er: 
and t3 mln!computer systems such as the POP 11/70, VAX 75O/:aO, 134 1:30, and 
DSC Mets/4. The mlnlcomouter version of CTAP requires 32K bytes of storage 
ulth subroutlne overlay and disk scratch flier for temporary storage. 

User SupD0tC Actlvl cles 

Cooles of the CTAP user manual, ds dell ds documentation. cdn be obtained 
for a fee from: 
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Wl~llam Gullcdqc 
Chemical ranufacturcrs Assocratlon 
2581 M Street, N.W. 
UaInlnqton, D.C. 2003 7 
202-887-1183 

fedhn!cal asrlstance can be obtd!ned by COntdCtlnq: 

John St. John or 
Oomenlc tIlTor 
HydroOual inc. 
1 LetnDrtdqe Plaza 
uanran, VW Jersey 37430 
201-529-5151 

HydroCoa! !nc. 1981. CTAP documentat\on - cnem\caY trans>ort dra'ys‘: 
program. pre3ared for tne Chemical Manufacturers ASSOC'dtlOn, kdS3!0~:3c, j : 

Hyd rOOudl Inc. 1982. Apgllcatlon qu'lde for CPA-HydroOudl cnevlca’ ‘it-’ 

mode:s, 2-egdrec! f9r t5e Cnemtcal ranufdcturers ASSOCld:!On, 'kdsn(ng:9n, 1.: 

Games L. 1981. Practical dflDllCdt!OflS and COrnDdf 1 rcns 3; e?*,’ ‘zp)Te- ‘2 

exoosure dssessmen: models. Presented dt t>e ASTM SIX:.7 8~npOS‘ZTl C’ iCLd:‘C 

Toxtcoloqy. St. LOUIS, Mlssourl. 
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Exposure Ana\y5.\r Moael\nq System ~ExAn'j) 

S-ry 

The ExDorure Analysis Model Inq 
System (EXAMS) (Burns et al., 1982) 
1s a steady-state uater quality model 
de1 \qned Sy the U.S. 

l?izzzy 
Envlronmental 1 

, -L. 1 
compdr =menc anode? 

Protectton Agency's Envtronmentdl m rreshudcer, non-czddl dqUdC:C 
Researcfl Laboratory In Athens, sys ccms 
Seorqta. The model was deslqned t3 8 Comptc.hcn~ 1 ve second-or&e: k:.Te ‘2 =s 1 
allor for the raD!d screenlnq and tot OrqU?iC ChJl?tCd: decay. I 

cvaluatlon of the Denavlor of A 
synthet!c orqanlc chemicals Yn 
Ftesnrdter aaudt Ic ecosystems. butn a descrtptlon of the 3nySr:d: dnC 

ctrem\cal proper:Ies of the compound of Inte;er:. and !Ye re!evdnt t-arsD0’: 

and phys~cal/cnemlcdl cnaracterls?\cs of the aqudtrc syq:em, EXAMS czmDu:e: 
the exposure (steady-state l nvlronmcntal concentrdt13n). 3err’rteqce :e ;., 
Dollutdnt removdl system half-IYfe), and fate (c’5:rl3utron In :Te :YC.:~TI 2:~ 
frac::on consumed by edCn removal procesi) of edCn :zmoounC nocelecl -he:? 

:dlCU:d:!On% are bdsed on :he assumptlonr !>dt :>e 13dC’nqs dfe ‘ZFS to-7 3nC 

t lme dveraqed. 

The EXAMS 3roqtam \3 an \nterdct\ve mode\\nq system :?a: a';ors t7e u:e 
to saeclfy dnd store the pnySIcdl/chemlcal prclper:!es of 30::: :7e :r.eml:d 
c3moounas and tne aauatlc env!ronment. 

The aauat !c system Is user SpeC!fred and Is represented by d se: of 

segments or dlstlnct compartments (uater and sediment) In tne system. As many 

as 100 compartments can De handled by EXAMS. 

The program \s based on a series of mass Dalances thdt qlve rise :o a 

s\nqle dlfferent\al l quat\on for each compartment. Mass balances accountlnq 
for all comoound mass entering and leaving are calculated by EXAMS as tile 
algebraic sum of (1) external loadlnqs, (2) transport Drocesses t5at export 
tne compound, and (3) transformation processes ultnln tne system that canver: 
the chemical to daughter products. WorkInq from tne transport and 
transformation process equations, EXAMS complles an equation for the net rate 
of change of chemical concentration In l actl compartment. 

0043P 
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EXAMS computes the klnetlcs of transformations at:rlDu:aDJe t3 C\rec: 
photolys's, ?yCrolysIs. Dlolysls, and oxldatlon teactlons. The Input c?emIca; 
data f3r hydrolytic, Dlolytlc, and Oxlddtlve reactlons can De enterea e!:ner 
as srnqle valued second-order rate constants or ds Dalrs of values aef!n!lg 
the rate constant as a function of tne envIronmenta temperature speclf’ed fzf 

each segment. EXAMS Includes two algorithms for comDu:lnq t .9 e tate of 
pn0tOlytlc transformation. The first reuulres an average pseudo-f:rst-oraer 
rate constant applicable to near-surface uaters; and t5e seconC c3mpu:es :ne 
photolysls rate CtreCtly from the aDsorpt!on SDectra of :.cle ccm=rounC and 'ts 
Ions, measured values of the reaction quantum yields, and the eqv!*cnmen:a: 
concen trdtlOnS of ComDetInq tight aDsorDence :c!TYorzo!?y:s. sedlmeqts, etc.;. 

Interna: trans2or: and export . oc-'Jr v!a advect've dnc :‘sae-5’ fe aovme-t 
oi C~ssoived. sediment-sor3ed. and SIosor3ed md:er!d:s, ant 3y vo'd:"':d:'cn 
losses at t!7e air-water Interface. EXAFS prov'des a set of dec:Drs :?a: 
alyous t>e user to saeclfy the locatlon and streng:? 36 30th ~CVP~:'VC j?c 
d'soeps've transoor: 3dtWays. EXAMS can czmouto :rans3c~r 3; a c"ec1':a‘ 4'3 
*hole-seClmen: 3edlodCs, suspended seclne?: .dSn’OdCS, ;-2tir C-a:?- 
lnfl 'trat!on, trans30r: tnrouqn t>e :he~moc?lne of a 'aKe, 'OSSPS 'I e;c'de-: 
streams, etc. 

Exte'ld 1 lc,dclnqs of a cYem!cai :dn enter :ne eccsyston ,4'a zc'-t 82t;':o:. 
ion-30‘": SOU~'~S -- 0 Cry fallout or aer!a:':t‘ct, d:ncs:ner': rd::-2s:, 3-1 

grouncrater seepage enterlnq tne system. 

cx~ps 1s dvalldbie In Dot3 a 3dtc4T dnd lnterac:lfe vecs'or. 

:nRuc 3dCd Reoul re.mncs 

EXAFS reaulres an extensive amount of envlrDnmenta1 data. 4ouever. :ne 
program can De run ulth a much reduced data set Men the Chemistry of a 
comoound of Interest precludes the existence of some of the t~ansf~raat'~? 
processes . For example, pH and pOH data can De om:::eC In tne :ase cf neut*a: 
organ!cs tfld: are not subJect to acIC or alkaline YyCrolysls. S:x 'canon':a“ 
envl ronments are Included ulth most model vers Ions and cdn 3e used c3r 
non-sDecIfIc screen!ng lnvestlgatlons. 

Input parameters Include: 

l A set of chemical 1oadIngs on each sector of tne ecosystem. 

0 rolecular uelght, solublllty, and lonlzatlon constants of the 
compound. 

0043P 

II-19 



0 Sealment-sorptjon and b~osorptlon parameters: KD, Koc or KOU. 
btomasses, benthlc water contents and bulk densltles, suspended 
sedlmcnt concentrations, sediment organtc carbon, and lon exchange 
capacltlcr. 

0 Volatlllzatlon parameters: Henry's law constant or vapor pressure 
data, ulndspeeds, and rcaeratlon rates. 

0 Photolysls parameters: rcactlon wan turn yltlds, absorption 
spectra, surface scalar Irradlance, cloudiness, scattering 
parameters, suspended sediments, chlorophyl. and dlssolvea organic 
carbon. 

0 Hydrolysis: Znd-order rate constants or Arrhen!us Func:lons Cgr 
the relevant molecular species: pH, pOH, and temueratures. 

l Oxldatlon: rate constants, temperatures, and oxldant 
concentrations. 

0 Blottansfor~:lon: rate constants, temperatures. tota: and act've 
bacteria? 300u:atlon aensltles. 

0 Parameters ceflnlng strengt,? and d‘rectton of advect'de and 
dlsperslve :ranspor: pathways. 

0 System geometry and hydrology: volumes, areas, aep:5s, ralnfal:, 
evaDora:lon rates, enterlng stream and non-polnt source F:ous and 
sealment loads. and groundrater flour. 

EXAMS 17 output tableS Include an echo of the Input data, and tabuiatlons 
glvlng the concentration, fate, and persistence of the chemical. Printer 
plots of longltudlnal and vertical concentration proflles can Be Invoked sy 
the Interactive user. 

AdvdnCdc?es and L?.ni ~dc~ons 

The major technlcal strength of the EXAMS program lies In Its ablll ty to 
utlllre well Qeflned, chemically based fate process Information tn 
second-oroer rate expresslons for the hydrolysis, photolysls, and oxldatlon 
processes. Volatlllzatlon Is modeled In a way that 1s consistent ulth 
accepted mass transfer processes. Thus the model's strength Is In evaluating 
the chemical's klnetlcr. 
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From t2e user’s standpoInt. tnc model can Se *un in an lnteracr've mote 
fOf faDId evalUat!On Of SCenarlOS reflecting varyjng system 3hys:ca’ d?c 
chemical condltlons. Furthermore, the model contains a 3ullt-In, on-"-e 
'help-file' to exglaln the command optlons and reuulrcd input data. 

EXAMS Is a steady-state model and as such was not deslgned to evaluate :*e 
short- term varlatlons of an aquatlc system. 

EXAMS does not account for sedjment and contaminant :DSS 3y 3ut'a' 'I :?e 
bent9lc layer. furthermore. It has only a s!ng!e exchange :3eci'c'en: '-IX'-; 
tnc process of water-sedlment particle exchange ant tTe grocess aF ~d:e~-3c-e 
water dlffuslon. 

EXAMS has t3e cagabll lty to model ponds, c'vers, ant ‘aKes *. . _ :zes I:- 
have tfle :apab:llty of modeling estuarlne duua::c env!-3nmen:s. 

0 7he moael does not simulate sealmen:-2ol:u:an: Joac: "3m *m. _". ;c ,. 3 - 
non-po!nt sources. So:!d concentra:lons 71~s: 3e cler'dpc c-:m px:~r-d‘ 
sources. 

0 EXAMS evaluat!ons do not !nclude' t>e efCects of seC*meq:-:=rr?n*-)-- 
sorp t:on/desor3tlon rlnetlcs on transport 37 t~ap:f~~qa:'=~ 7p2coTToT 

Model Ap.D!?caC:on~ 

A f\elC valldatlon study of EXAMS was conducted for an an'on\C :~r'3cfi?:. 
linear alkylbenzene sulfonate (LAS), In RapId Creek, Sout? 9dr3:d Zane:, 
1982). The single point source 1nDut to the creek 1s a sewage :*eatme”f 3’aJ?: 
located In RaOld City. Effluent to the creer \s 7 :o a mgd. dn!c3 -esti::s ‘I 
about a 3:l dllutlon factor. Influent and effluent concentrations 3f ,AS 'r: 
the treatment plant uere 3.7 mg/l and 0.51 mg/l, resDec:Ively, over :Ve Der'cc 
1978 to 1980. 
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S'mu'a:lons of LAS s:eaay state 
concentratlonr In udter and sediment 
uere c ompa r cd ul t!l observed 
concentrations. !n a aual! tatlve 
senre, agreement was good (see Figure 
1) * However, this agreement was only 
obtained by asrlgnlng an ar31 trary 
Value t0 the UlSDerSlOn coefflclent 
at the sedlment/uater Interface. The 
value chosen US In the exgec ted 
range. 3ut little or no rationale for 
the Value could be Drov\ded. Since 
:fi1s term 1s fairly lmgortant (as 
determIned 3y a sensl:lv!ty ana;ysls) 
and 1s selCcm measured. !t acpulrer 
:ne c?aracterlstl cs of a calrbratron 
parameter. 

UoCel sens!:!vl:y analyses u'ttl 
pes;)ec: :o errors In measurement of 
: recr "Cr -ate. 3:oCegraaa:lon rate 
:3ns:an:s. ant adsor3?‘on :oecflc'ent 
-eve a's0 c onauc tee . Resul:s 
:na:ca:eC :?a: motel ca:culatlonr are 
710s: sensltlve :0 :ne least 
Jnaerr toot! zarameters. :?a: 1s. tne 
seC'men:/ba:er exc3ange :oefflclent 
and :.7e set: ment 3loclegraca:lon rate 
c3nr:an:. Horever. :!ll$ 9nenomena 
nay 3e 1 nneren: In c3emlcal and aauatlc systems ant nay IO: >e a ~~30'~~ 
Jn:que to EXAMS. 

In otner appllcatlons, EXAMS hds been successfu!:y used :z node' 
volatlllzatlon of organlcr In SDeClflC field Sltuatlons, and For a general 
assessment of the behavior of phtnalate esters 'In aauatrc systems. EXAMS qa: 
been !mDle!TIented by a number of manufactur!ng f ! -7's for P 'I ‘V '~ormenta: 
evalua:! ons of newly synt3eslzed naterlals and plas 3ee? usec 'r: an acadeT'< 
set:lng for bot5 teacfilng and research. 

Resource Requi tcmn cs 

EXAMS Is avallable from the EPA Athens Envlronmental Research LaDoratDry 
In elthrr a Satch or an InteractIve version. The batch version requires 64K 
bytes (overlaid) of memory (for aquatIc systems of uD to 17 segments); this 
vcrslon dot- rrlt reW!re mass storage caDaDlllt-p;. The InteractIve version 
also requ’ cs b*K bytes (overlaid) of memory, plus an add!tlonal mass storage 
CaDablllty. The lnteractlve vcrslon of EXAMS requires 1OOK bytes of mass 
storage for uttllty flies, 2K bytes for each chem\cal In the active f!ies, and 
2.SK bytes for each active defined envjronment. An overlay capab\llty !s 

0043P 

i i-22 



requ:-ea to !mglemcnt EXAMS on small computers such as POP-11 or irP 30C0 
systems. ixccutlon tlmcs range from a few seconds Ilo severa: minutes 
dcwnc:ng on the DroOlem to be solved. The sof hare !s c!stt:3utea on 
magnetic tape; tne source code consists of about 16,000 card Images. 

it has been estimated that approximately one to two man-months of effort 
are required to setup the model (not lncludlng the effort nequlrea to evaluate 
the results). Thls estimate Is based on the follourng assumot'ons: (1) a'1 
data necessary to meet the lnout requirements of t9e nocel dre dval’abie and 
(2) quaIlfled personnel are avallable to Imglement t?e mode;. 

Free cooles of tne user's manual and system documentat'on are dvd’laS‘e 
from OR0 PuD;!cattons, Center for Environmental Researc? :nc~r7idt'o~. L1SEaA, 
Clnclnnat!. 3h!o 45268 (Telephone: 513/584-7562; ask COr 3uc: 'cd:'on Yo 
E?A-6CO,'?-at-C23). The cornouter tape of the Drogram :;r;v'ced LO? . . - w-0 

-eciues tor to copy and return) 1s avalldbie from Centep ‘or nd:ep 2ua“t.f 
rode; +ng, Environmental Research Laboratory, USEPA, College Stdtlor! ?cdC. 
At.?ecls, Cecrq!a 30613 (Telegnone: 4041546-3123;. 

‘leer 4.8 d:s:stdnce can 3e oota~nea Sy con:act!ng: 

Lawrence A. Burns 
Environmental Systems 8ranc9 
U.S. E?v!ronmental ProtectIon Agency 
invcronmental ?esearch Laboratory 
College Station Road 
Athens, Ceorgla 30613 
FTS 250-3123 COM 4041546-3123 

Oavld M. Cllnc 
Automatic Oata Processing 
U.S. Envlronmental Protectlon Agency 
Envlronmental Research Laboratory 
College Statlon Road 
Athens, Ceorgla 30613 
FTS 250-3123 COM 404/546-3123 

General References 

Burns Lb. Cljne OM, Lasslter RR. 1982. Expoclrre analysis modellnq system 
(EXAMS) “>el manual and system documentation. t .S Envlronmental Protectlon 
Agency, Athens, Georgla. Publlcatlon No. EPA-60U/3-82-023. 

Games L M. 1982. Field valldatlon of exposure analysis modeling system 
(EXAMS) In a floulng stream. In: Model Ing the fate of chemicals In the 
aquatIc environment. Olckson KL. Make AW. and Calms J, Jr, eds. Ann Arbor 

Science Publishers. 
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Metals Exposure Analysis Modeling System (MEXdMS) 

The Metals ExDosure Analys!s 
Model lng System (rEXAMS) (Felmy et al. 
1982) 1s a Synthesis of two eXlStlng b 
cornouter nodels tnat accounts for the 
chemlca! and 3nys !cal processes 1 
affect!ng the fate and transDor: of 
metals In aauattc systems. fhls Is 
accomO1 1 shed bY llnklng the ! 
geochemlcal model, MINTEO. ulth the 
ixposure Analysis Model Ing System 
(EXAMS) (Yurns et al. 1902). an L 
aaudt’c ex-;osure assessment model. 

Steady-ycacc, 3-d:.mns:onal . 
comparcknt ,mdcl 
Cdlculrccs spec:rcLon, and 
dl srol ved , ddsordtd and 
prec:p; ra:cd .m cd? cmcen czd Cons 
Iqulllbr:um conscmcs and mc::luy 
ddCd dVdt:ablc for d S4?VtFrdl 

IlWCdlS in C.%e mode? s ddcd bale. 

Cgmolned, t>ese models grovlde t.cle caoabll!ty to (1) estimate ttle !Iua?t':'es 
of metal l:ke;y :o De In solutlon and (2) consider :ne effect of c?em+ca' 
s>ec!at4 on on adsor) :lon or'preclpltatlon of metals. 50:!7 of *n':7 :an dct t9 
-0auce :Pe amoun: of metal !n soiutlon. 

The ctiemlca 1 Interacttons are handlea 3y MINTEl), us!ng :?e-noc4~:amlc 
equll?brlum re!atlonshlps and water quality data to ca:cula:e sgec4az40i, ar 

dlsso?vea. aCsor3ea. and preclpltated metal concentrations. 

Soeclatlon 1s calculated us!ng an equlllbrlum constant dpproac,? dereln a 
ser!es of mass actlon exoresslons are solved subject t0 RUSS cialanco 
constraints on each chem!cal component. An l stjmate of aqueous specla:ton !s 
necessary to prealc? the auantlty of metal that ulll be taken out of solution 
by preclpltatlon and adsorptlon, and to evaluate environmental Imoacts. In 
the case of tBe latter, toxlclty and bloavallablllty of Indlvldua! me:ai 
SPecles can vary 9y several orders of magnitude; tfierefore, est?mates of netal 
soec!a t!on are requ!red to predict dquatlc Impacts. 

AdsorDtlon Is treated as being analogous to acaueous soeclatjon. There- 

fore, mass actlon expressions can be formulated for adsorption reaCtIOnS. 
MINTEQ contains six algorltnms For calculating adsorDtlon. It comoutes t?e 
mass of metal transferred into or out of solution as a result of the 
dlssolutlon or preclpltation of solid phases. 

The mlgratton and fate of the metal are handled by the aquatIc txDoSurt 

assessment model EXAMS, a steady-state transport model developed prlmarlly for 
use ulth organic compounds (see EXAHS). 
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The cou~l!ng 3f YIHTEO and EXAMS was accom~llsned In such a way as to (1) 
rctaln all of the orlglnal E%AMS options and capdb!lttles and (2) bypass 
unnecessary calculat?ons or calculations e? tner not aDDl?cable to metals or 
dupllcatea by MINTEO. For Instance, there Is no need for ELWS to compute 
adsorDtlon stnce MINTEO ~111 provIdc the quantity of metal sor3ed to sediments 
and blota. Another eramole 1s chcmIca1 degradation wn!ch !s agpl!cable to 
organlcs but not to metals. Through the Drooer speclflcat!on of EXAMS Inputs, 
most of these calculatlonr can be byQassed. Thus, tne user dl:l not Se 
required to matntaln two verstons of EXAMS, one for organlcs and 3ne for 
metals. 

MEXAUS was deslgned prqmarlly to be used In ~erc~r~!ng sc-oe?'ng :evcl 
assessments using generally avalldble udtep zua":y data. :t :3.- a's: 3e usei 
to lntergret data collected during btoassays and as a frameborr 'zr gu:a'?q 
research related ?o the aquatic Impacts of pollutant metals 

A: oresent, tne model's eata base contains data qecessd*y fgr ..,_ **a 
eva!udt*on of :.7e folloulng metals: drsen!c, cadmium. co3oep, ' eic , 7'cke'. 
s!!ver, ana z!nc. 

UEXAMS reau?res input data for both tne MIHTEO and iXA:rJS CZmDonerlti of t?e 
model. The reader 1s dIrected to tne EXAMS rev!eu 9n :!lts td:d:ogue for d 
drscussron ana 11s: of EXAM's Input requirements. MINTE3 reuulres :ro types 
of data: (11 thermodynaml c data and (2) water qua1 I:y data. The 
thermodynamrc data are equlllbrlum constants, heats of reaction, and otner 
InformatIon required to predict the formation of each spccles or solld pnase. 
The uater quality data are phySICa and chemical properties of t?e water bocy 
being analyzed (e.g., gH, pOH, temperature). 

The user need only to generate the uater uuallty data tn order t0 
implement MINTEO. The thermodynamic data (for the spectflc metals Currently 
handled by the model) are contatned ln a data base that dctomodnles the model. 

Out~uc DcxrlDclons 

The model output 1s dlvldcd '.et.?en the EXAMS and HIN't‘ qmponents. 
EXAMS provldcs tabulations presenting estimates of the expo,Jre, fate, and 
persIstenct of the metal. The WINTEQ outputs give detalls on the chemical 
lnteractloos occurring In each compartment of the simulated aquatlc system. 
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Advan cdqes and L:.n: td c: ens 

EXAMS represents an lmorovement In metals modellng In that It accounts 
for the compiex chemistry affectlng the bkhavlor of metals as well as the 
transport processes that affect their mlgratlon and fate. Soeclf\cally. 
~EXAMS cons Iders the effect of chemical spec!atlon on aasorptlon or 
preclpltatlon of metals. 

The moaellng system 1s user ortented. It contains an 1nterac:'ve or3gram 
t?dt Relgs the user JreDare rater auallty data for input to U:NTEO. :t d!SO 
auerles t9e user to Obtain user run lnfornatlon wnlch 1s t9ecl used ta csn:ral 
t3e opepat40n of qINTi0 and EXAMS and the transfer of sYmuia:?on pesu;ts 
3ethecn :ne noaels. 

The :~ernoCynam!c data Sase associated ulth u:!irEC con:a’?s ecu':'Zr'sm 
:znstdnts ant anc'Y:ary cdta For only a llmltea numoer of 3o:lutant 71e:d.s 
I 4 e \ . ., AS, Cc. CU. 23. Nl, Aq, and Zu). 

3pganYc c;mg‘exatlon can nave d slqnlflcant lmpac: on t3e s3ec'd:'zn of 
ne':a's. A: :3ouqn UINrEg 1s caoabie of nancl.lng organ!c czm~'cxa::on. tse 
:*e-aoCyndm:c :d:d 3dse Goes not conta!n tne necessary e:ul”3r’~n :3ns:dnts 
sic 3nc’“dcy zdtd :o evd:ud:e :31s znenomena. 

rIyT[‘z cons !Cers Drec~Dltat~on/d!ssolut!on, oxldat40n/rocuct’oP, and 
acsorzt'on as equll!br'um Drocesses den In fact t.7ey my not 3e 19 
e:u “‘br’<m. 

EXAMS does not describe vertical changes !n QH, and ox’da:!on-reduction 
l eac?lons In the bed seClmcnt. The latter can be very rrqnlflcant In 
s!mu:at!n g :ne fate of metals In lakes and polluted rivers. 

The YEXAPS ~et?oCology 1s currently under development and 5aS no: beon 
a3011ea In :>e field. 

rode1 Appl ?cac?ons 

Although YINTEQ and EXAMS have been apolled Independently, as they are 
currently llnked In the MXAHS program, they have not been apolled Ir an 
environmental analys\s. 



Resource Re?ui rerrrn Cs 

MEXAMS u?l: require d system wl:h 32K memory. An over!dy cd3de):“ty 4s 
required to ymolement MEXAMS on smal 1 computers SUCK as a P!lP ; i/:c 3r +p3$Co 
system. 

user SuRRort Activ? dies: 

Cooles of the user manual and system documentation WI ; ’ 3e 3vd’ ‘d3’e 
sometime 3ur:ng the Sumner of :983. At t!ldt t?me, r: 1s dn:+c’;d:eg ::a: Jser 
suooor: will Se ~rovlded Sy :ne Center For ‘dater 3ud’l:y uoae”nq, ~3:. JSED~. 
At5ens. Ceorgla. 

Addl:: onal 1nforma:lon concerning the model can be obtd’ned 3y :ont3cr’iq. 

Yasuo Snl snl 
9a::e; ;e. ?ac!flc L(or:!kest Labora:orles 
R!cYlanC, ws5!ngt3n 99352 

‘;enerd: References 

Felmy AA, arzrn 94, Onlsn! Y, Argo ?S, rabusarr! S2. '992. u[,<;u~ - -"e 
meta’s exSos;lre analyses mode; lnq system. 3a:te:'e. ?actcl: Yc-:"res: 
Ldbord:3r'es, i?::fi;anC, tidshlqqtzn. Contract '10. 68-03-x35. 

3urns LA. C:!ne LIP, Ldss1:e’ RR. 1982. ix9osure dnd;yses noCe”rq s.d:f?i 
( ExAruS; : usec .mdnudl and system doc~menta::on. u 5. tnv'p3nmeq:a: 2-o:ecf';n 
Agency, A:?ens, Georgia. ~UDl!CdttOn HO. !?A-600/3-82-C23 
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UASTOX (Connolly 1982) uas 
desIgned as a time-varlablc 
comuar?nt~t node? for srmulatlng tfic 
:-ans30rt and transformation of 
organ'c cntfnlca'~ In the water column 
ant :!Tc sea'ment of streams and 
eftuar+es; a::?ouqti :??I? model ts 
gcneraY;y aDDI YcaDie to all tyDcs of 
-ater 30ales. 

I Capsule Sutmndry. UASTOX 
I 

‘m Y:m-vartablc 3-d:mmsional 
I compdt tlrn c 
0 Streams and es tudr:es . fresh 

md Sdl tnc UdCCr 
7 Comprchcns: ve seccnd-order 

I 

tinctzcs. 

nASTSX 3e:ongs to the WASP mod'el (O!Toro et al. 198!) Cam!ll ant :?e*e- 
cor~ ?as :aDa&! :+tlcs and features slml:ar to TOXIUASP (Ambrose e: a' 1392: 
T?e md;or a?fftre?cer 3etrcen kASTOX and TOXINASP are: (1) riASTOX tan account 
cr dr t?ree se",!me?t site ftactlons; TOXIiiASP acc3un:s For one. :!; nAST3X 
sec‘merlt 3dr :':'on coefflclents arc exofe5sed h5 a func:?on of trre rol'ds 
z3ncen:ratlon; 7:X :‘nAS? assumes d constant part,! :‘on\ng c3ecclc’ent. ’ 2; 

nASTSX as:;;mes :er:aln system prooertles being constant spdt!a;ly; rox :'naS? 
accounts car d sad t!al dlstrlbutlon. (4) WASTOX employs a f!n!te d!cfere?ce 
:cYene <or 4:s mat3emat~cs; TOXIUASP emoloys t.cle EXAMS C3moart.3e~: dz3PSdc,? 

E’: NASTZ 
&l. '.5) 

X does not separately account for pollutant oxldatlon, as :Gx:d57 
In irAS:CX, pollutant on sedtment 1s transDor:ea v'd an dcvect'vo 

sed:meit "3rocels; ln TOX?iiASP tt Is transported v!a tne above process dfd dn 
exc?ange ;:! ffas:ve) Drocess not requlr~nq 3edloaa (sealmentatlon) excrange 
3e:wen t5e water column and the seaImcnt. (7) UASTOX t1d1 been maln:y aeslgped 
for l- or 2-a!menslonal conflgurattons of stream5 ana tidal estuarfes, ana :Ple 
r!netlcs of votatlllratlon are orlented toudrds floulng syltemr ;9j An 
auudttc food c3dtn routtne ts to be tncorporated into ttie model. 

UASTSX 1s a ~attf/sedtment quality Drogram only, and ds si~c!?, !: tequI*es 
t?e rater 30dy and sedlmcntatlon dynamics (e.g., flou, veloc!ty, bea 
scdlmentatlon velocity) as user Inputs (see dIscussIon In TOXIUASP model). 

dSTOX can Se applted to ttme-vartaolc stmulattons. Chcmtcal klnctlcs are 
treatea slmllarly to the EXARS approach. 

r'nLxIc Odcd ReuutrcmnCs 

Input requirements for UASTOX Include: 

o Exchange cotfflclcnts an6 fltldr between segments (such as ctlsoerslon). 



0 Segment volumes dna FlOUS Inclualng t!me of flow durat'on, ant 
veJoclttes In compartments. 

0 Envlronmcntal and Dollutant parameters sucfi as geometry of t3e sys:pn, 
scdlmentatton :ransDort/Uynamlcs parameters, 3~. :emueratire, 
concentration of comnound degtad tng bdc:er la In udter, secoac or:e* 
Slodegrabatlon constants for Ulssolved and adsorbed tortcant, f'ts:- 
and second-order alkal lne hydrolysis ratlo, other First-or3er Cecay 
rater, Henry ’ s constant, molecu:ar be!ght 3f tox'cants. teaDecat;r? 
COfreCtlng parameters, sol!ds deDenCen: Ddrtl:~ontng coecc4c’ef?ts. 

a int tlal conU:tlons. bounddry c3nCft:ons. ant ddste :oaCs 

A flndllted out3ut forlat Goes ?O t ex’s:, S'.lC? NA.S’zX ‘5 if j 

Cevelopmental stage. The output Is expected t3 be slml’ar :s :ne as52 a..-- .- 11.-e-. 
c3nslstlng of a ;\stIng of ?npu: data, and thbu’at+oqS ‘;!v’?s f-ar!c,::c:, ‘i’.o, 
and 3ers's:ence of tl?e crremlcal In all -ate' an6 secll'neq: :3?;ar:aei:: 2; :re 
rater 3ody. 

Advmcacrs ad L:.nl Cd C: cnS 

The ma,(or advantages of i+STOX are 1:s aultl-Clmens'3r.a' :tzd:"'t'e: 
~ntcn al!ob aocllca:!on to a varlcty of dd:er 2oCles; ca3d31:'ty :; 5'7(~'2:5 
:!me-vdrtdDle loacs and response; relattvely s23n:s:?cated u'net'c:; ant ::;P 
caparIll!ty to simulate the tmDortant featares of sediment :ransjort. 

The technlca: 1lmlta:Ions of iiASTOX are slml:ar :o t?ose of '2X:aAZ?. 
kASTOX hds not been doodled or validated yet ant ?dS 90: been fOrYld”y 
released by the EPA. This may not be d ltm!:a:lon lo mode; use, S!nie :,7r? 

theory of MASTOX 1s conceptually sound and mode; predlc:lons can 3e ex2ec:ec 
to be vltTi?n certain ltmlts. WASTOX, slml ldr to most of the models Oesct!:e!: 
In thlS catalogue, requires detalled Inputs tegardtng sed!me?t :raCspot: 
cYaracterls:lcs of the uater body. iheie requltementr are cl!fF'rd': :a Tee! 
from routinely avallable data. 

RCSOLLZC~ R-u: tc.mm ts 

WASTOX 1s avallable In a batch/tape version, Is urltten In FORTRAN iv, and 
uses up to a 32K-byte user area on a POP 11/70 machine. Execut Ion t ‘mes range 
From a Few seconds to several mlnutes depending on the temporal a-id spattal 
rr~olutlon of the environment analyzed. At this stage, tt !s estimated tfiat 
c.,~c 9. two man months of effort arc required to have an operat!ona\ mode\ wtt> 
a tough understanding of Its overall behav’lor or performance. 



Escr Support Act: v: c:cs 

TO obtain the WASTOX docgmtntat?on along ulth sample data sets and SuDDor' 
software, urlte or contact: 

Dr. Parmcly H. Ptlchard 
Envlronmcntal Research Laboratory 
Gulf Breeze. florlda 32561 
(904) 932-5311 

Or. John P. Connolly 
Envlronmental Englneerlng ana Science 
Manhattan College 
Sronr. MY 10471 
:tl2) 920-0276 

Genera? Refercnccs 

Ambrose R. YlJl 5, Mulkey L. 1983 1 User's manual for tne ctlem’ca’ :-3n~;~rf 
ana fate model TOXIirASP, version I. Draft document. U.S. E?4, 3ff'ce o; 
Researcn and ~evelooment. Athens Research Laboratory, Atnens, Ceorg'a. 

i3fino1?y TP. : 982. Prel!mlnary estuary and Stream version aocdmeQ:a:'zn 3; 
IuASTOX. E3A tooperatIve 4gremen: qo. Re07 927-02. E3A, ;L: : c ???e:r! 
florIda. Manna ttan College, Srgnx. Hew York. 

OtTor:, ZM, f!tZgdtrlCk J:, Thomann RV. 1982. hater CUd:'ty ara’g ’ 
r\muia:lon grogram (WASP) ana model ver!flcatlon program lUV0) - 
documeq:at:on. Hydrosclence, !nc., Uestrood, MY. For U.S. Envl-37menta‘ 

?~otec:!on Agency. ou1utn, nn, Contract No. 68-01-3872. 
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Chemical Transport and Fate Yodel (TOXIkASP) 

SWrmar’i , 

The Toxic\, wdter Analysrt Slmu- Capsule sultmuy : ~x:YAsP 
;at\on Program (TOXItiAS?) (Ambrose et , 
al. 1983) uds deslgned as a tlmc- 1 
var lable comoartment model for l 

Tim?-variable, 3-d:m.?sLcnd! 

stmulat:ng tne transport and ' compuznenc ,mdel. 

transformation Of otganlc toxic D icvcrs, lakes. esczdrles 

chemtcais tn the udter column and the l Ccmprehenstve secmd-crier 

sed\mcnt of stratlfled lares and klnec:cs. 

reserv+ors, large rivers. estuaries. 
and c3as:a: waters. 

:[lxIjj~Sp UaS created 3y firs: adaDt!ng t,?e k'net!: sttucture 3' t7e E.XApS 
model (9urns et al. 1982) :o t3e ::anspor: frameuorr: zrov!Ced :y :Ile aAZ> 
program (31Toro et al. 1981), and by t!7en acC 119 s:fz:SYe sec’ze-t 2a’dnce 

algor :t>ms a!ong,ult3 special Inout and outzu? soft-ddce. 

Since TOXIWAS? uses :ne compartment modeling aooroac11, dece3y se:7enf: 
can be arrangec In a 0-, l-, 2-, or 3-dlmenslonal conf!gurattcn. '3XInAC3 ‘5 1 
ua:er/sedtment quality Drogram only, and as sue?, it reQUlrtS :ne -a:?- 3cC! 
and t3e sedlmen:atlon dynamics (e.g.. flow, veIocl:y. bed sed’7ent ve’oC’:y 
as user !nputs. TOXIWASP can 3e employed for analyses requ:rlng nore dyndfl!: 
trans2or: and loading caDabIlItIes than EXAMS, but less SetatleC and 
mechanlstlc sediment pred\ctlons than SERATRA (Onlshl and rllse 1982). 

The klnctlc pollutant components of TOXIUASP were modlffed from EXAMS 
E%AMS formulates a total transformdtlon rate from the c5emlcal characte'!s:'cs 
of a comoound and the envlronmental parameters of the system. In TOX:'dAS? and 
E XMS this rate 1s based on a slmgle addltlon of the rate constan? of eac.7 
process, and the klnetlc tlmc derlvatlve 1s calculated from this rate, 
yleldlng a tlme varying chemical concenttat1on for a user-soeclf\ed spat!al 
netuork. EXAMS uses a klnctlc structure that allows the study of flve 
different lonlc forms of a chemical, several ways to calculate photolysls, and 
other capabllltler. In TOXINASP, all those features have bttn aggregated In 
ont formulatjon, but 4th an expanded 1Ibrary of klnetlc subroutines. In that 
rtspect, TOXIWASP allows slmulatlonr of toxic otganlc chemical bthavlor In the 
aquatlc tnvlronmtnt resulting from loading pulses that cannot be modeled via 
sttady-state codtr. 



?egar?lng tne t?emlcal transDort and ca:e Drocesses cons’:epec, ‘:x:;raS? 
can account Car vo:dtl;!zat?on. Dnot31ystS. 9yCrolysls. or:Ca:'cn, :!olys*s, 
SOrpt:On on 30t,? sediment and Dlomass, advtctlon, and dtffuslon. Sorgtlon on 
sedlmen:s and s10mass js calculated as rumtng loca: equ?“ZrlJm us’ng a 
constant zar t?t!On coefflc?ent and s~a:lalIy vary'ng eqvtrgnmenta; crgan!c 
car30n frac:lOns. For eacfl c3moart4ment, one d!fferent!a: eclra:‘on far :.7e 
3ol‘utant 3:sso!ved gnase and one alfcerent!al equa:lon for ::e aCsor3eC 3naSe 
are fornu~a:ed and solved. As contrastea :G aASTOX (:cr,no;‘y ‘982). t7e 
effect?ve f!rs+ .-order decay rate can vary ul th tlme. 

Exc5ange Zet'dten :3t udter column and tne bea can occur 3~ se:t:‘-c; or 
-esus3ens'9n of par:fcula?es, OjffuSlOn (of d:SSO~ved pol’utan:; aetbeen :ple 
*are’ :::;,mn and tht OOre water, 5y direct adSor3:~on/aesor::‘~n ze:heen :ne 
rate’ :zY;;,nn and :5e 3ed surfact. ant 3y 3erco:a:lon or !?C”t-a:‘o~. Ra c* h LI .,, 
.* ..I e 3ec2, :3t 201 lutdnt can .nnove vtrtlzaily 3y $'JCUS'3?, :_t^Cvp' 
;I’s3ecs:cn). ;erco!atlon, and burya;. AlSO ulthln the 3ed. :Te ;c”;:ac!: 

cannot 71ove ?or’:9ntally (l.c., no bed load), In cortrast .?t:! 21ASTz~. 

Input ~cCul.renen:s for TOX:;rASP include: 

0 Segment volumes and flows. 

8 boundary cone: t !ons. 

a Envlronmtntal ana pollutant cnaracterlstlcs sdcn as number of 
C3nStl:utnts, temgtraturc, cloud!ntS$, bacteria: 303bYat?on, a’cmass, 
bydrOXlde ion actlvl ty, molar concentrat?on oc ox’cants, orc;an!: 
caraon, pH, decay coefflclents, Arrntnlus constants, second-OrCer 
rate Constants for blolysls In the benthlc cnv!rgn,ment, 3c:ano' ,da:e- 
gart!tlon coefflclcnt, Henry’ 5 law constant, vapor 3feSSUre, dnd 
so:ublllty. 

3u t2u: Scsct: 2 c: ans 

node 1 ou:gu: consists of a 1lStlng of Inout data and tabula::ons g:vtng 
transport, fate, and ptts!stence of the chemical In all water and redlment 
compartments of tne uater body. 
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C?emlcal Trans~or: and fate 9odel (TOX:aASP) 

The loxicl tidtcf Analysls Slmu- 
lat!on Program (TOXIYASP) (Ambrose et 
al. 1983) das ucrlgned as d t:mc- 
variable c3moartacnt mode 1 fOf 
slmulattng t.7e transoort and 
transformtlon of organic toxic 
cflem?ca:s In the water column ana :?e 
secltment of sttatlflea lakes and 
reservlors, large rfvcrs, ertuarler, 
and coastal uarers. 

I Capsule Sumdry : ~x:YAsP 

l T:.ne-vatiabie, ?-dim.7s:cna: 
ccfzpc t75n c .mdel 

r RLvcrs, :dkes, es:zdz:es 

i 

Cemptehens:ve secxd-czdez 
k:ncrics 

I t 

?3X:iAS? Ma-5 cted:ed 3y first adao:!nq :?e r'ne:+C s:rJc:,*e 3' :Ye E,x;M: 
mote: ;3urns et al. ;382) to tne transgor: framerorrr zrgv':ec: :y :?e aA52 

3rogram (3tTofo et a'. 1981). and by t,?en dCC:nq sIy2.e :ec'?e*t :d'd-C? 
a'gor:rms a;ong -'t? saec!ai Ingut ana output sof:;are. 

Since TOXIUAS? uses the comoart3ent vodellng dobroach, ,ne*ezy se<7re?r: 
can be arrangec !n a O-, l-, 2-, or 3-dlmens!onal c=nf!gura:‘or. ‘:x:+4:? 1s 3 
ua:er/;eC!ment ouallty program only, and as 5ucF1, It reculros :3e -d:J- 3ccj 
ant t.7e seC!menta:?on Cynamlcs (e.g., flow, ve'ocl:y, 3ed sec'?ent dp':c':y 
as user lnouts. TOXI'MSP can 3e employed for analyses re<u’ptnq TIO~P :yr.an:: 
trans2ort ana loading caoabl l!:!es t>an EXi.YS, 3ut :e:s Qeta! :et dnC 
meC3an!st?c sed:ment pre4lctlons than SERA;gA (Onlsh? anC atse :gO2). 

The klnetlc pollutant components of TOXI'dASP were modlflea from EXA%. 
EXAMS formulates a total transformtlon rate from the cbemlcal c?arac:er!s:'c: 
of a compound and the envtronmental parameters of the system. i.l TOX:aAS? dnd 

EXAFS t,71s rate Is based on a slmo;e adaltlon of tne ra:e cDns:Jn? a! eden 
Process, and t>e klnetlc time derlvatlve Is calculated from :nts rate, 
yleldlng a time varying chemical concentration for a user-spec!CleC spat!ai 
network. EXAMS uses a klnetlc structure that allows t3e study of five 
djfferent lonlc forms of a chenlcal, severa! rays to calculate 3no:olysls, and 
otfier capabllltler. In TOXIWASP, all those features 3avc been aggregated In 
one fOrmuldtlOn, but utth an txDanded library of klnetlc subroutines. In that 
respect, TOXIWASP allows slmulat1ons of toxic organic chemical behavior In the 
aquatic environment resulting from Ioadlng pulses that cannot be modeled vla 
steady-state code. . 
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?egarS!ng t?e cYern!cd: t-ansport and fate processes cons'cepcc. ':x:ilAS? 
can account C3r volat:l:zatIon, !Jnotolysts. hydrolysis, Ox’Cdt’on, z401ys’~, 
sorption on 50t5 sealment and blofnass. acvectlon, and clfF3slon. Sor3t!on on 
sediments and biomass Is calculated assuming local equli'Cr'um us'ng a 
constant sartl :lon coefflclent and soat!ally varylng envlr3cmeq:a' zr;anlc 
car30n f*actlons. For eat> c3moartment, one Clfferent!a: eaua:!on for :he 
Doi:utant C!ssoYveC 3nase and one alfferentlal equatton for :he aCclor3ec Jhac,e 
are formulated and solved. AS Contras ted to iiASTOX (ionno! :y '3E2). t3e 
effective firs: -order decay rate can vary wl:h tlme. 

Excrrange Detuetn t>e water column and :,?e bea can occur 3y se::"ig or 
l esus9enslon of 3arttculates. clffuslon (Of Clssolved Dol:utan:, 3et.deeq :>e 
rater coyumn and t>e gore uater. by dlrecr adsor3tlon/aes3r~t'sn 3e:.deeq ::e 
rater co:umn and t.?e 3eC fur&ace, ana Dy perco?a:lon or !nf'It*at'on. #.'rn', .,, 
-4 e 3ed. :.7e 9oTlu:ant 
*yi:s9ersYon). 

can move vertically 9y 1'Cc~s'9:, t;tlover 
:ercoTa:lon, ana 3urlal. Also ul:n!n tne sea, :,?e ;o':Jtan: 

cannot move 3orlzontally (l.c., no bed load), In contrast r!tn aAST:~. 

: nclut reCu!reme7ts for TOX:iASP lncluce: 

0 Exc?dnse :zecc4:4en:; Set,deen :2mzdr:7ent: *s~cI as z';;e-;';- ;e;lepq 
segments, -d:er cOlumn and sediment, reClme0: drd rd :?* ‘3 :ec 
materlal. 

0 Segment volumes and flows. 

0 3ouncJary cona!tlons. 

0 Envlr3nmenta: and Pollutant characterlstccs SuC? dS 'lumber of 
constituents, temperature, clouC!ness, bacter'al 3c3u:at'on, 3'3mass, 
hyaroxlae ion actlvlty, molar concenttatlon of oxidants, orsanlc 
carbon, ptl, decay coefflclentr, Arrhenlus constants, second-order 
rate constants for BYolysls In t,7e 3enthlc envtronnen:, octanol -a:er 
part? tlon coefflc?ent. Henry's law constant, VdSOf 3resjd70 - 0 and 
so?ublllty. 

3UC sue Dcscr:2c:ons 

Yodel outgut consists of a llstlng of Input data and tabu;a::ons g!v'ng 
transport, fate, and perslstencc of the chemical In all water and sediment 
comoartments of tne uater body. 
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TOX ;WASP Is deslgned for multi-dlmens!ona?, 
cnemtcal decay klnet'cs. 

t!me-vatlabie ana'yses, Jstng 
soDhls:1cated organic it does '10: !ncor3ova:e 3 
hydr3aynamlc s:muiatlon model; the user must InDut' flows 3e:ieen 
compar:8meqts. Acsor3:~on/aesor~:lon 1s !ns:an:aneous. 

TOXI;IAS? 1s In a aeveloDmen:al stage and as sucn has not Seen aDp"e!: :v 
validated yet. This may not Se an lnnerent I:mI:a:'on, since :!7e 2as'c 
science of tne rnoCel 0r:glnates ft3m tne EX:FS ant :no HAS? :acKages c2- rp*;q 
some a9pllca:I on ex3erlence exists. 

‘OX :‘rrAS? :oes no: acc3un: car car-ect‘ de :eC ‘zaa sec'rx?: _ "~"j;~-- 
5etreen :z87par:aen:s. 

S:nl'ar :3 nosr otfier aoCe!s revlebeC 'n :!7's ca:a':Tze 'IX:dS: '-zct 
-c:u:re-7elt; are not eas!:y 3et 3y routlne'y dva“a3;e card 

:CX:kAS? rras 30: been ac3lled to a real s::uat!zn; 7clevcr, re f<G*i 
,3oae; >a: seen azplled :n numerous sltuatlons (see EXA:wS 3es:-';:'sn, d:C f-5 
idAS.? Drggram, aval Iable s\nce 1970, !7as been aoD:'ea 17 nor? ::dc: ,: 
cnvlr3nne?t: (3:Toro et al. 198:). 

Resouzre Requ! Yemen cs 

TOX:WASP IS not an Interactive modeling package; ra:3er, ‘: ‘5 a S:anCar: 
sof:rare 3ackage 1% FORTRAN, operatlonal via a standard CRT un!: or a cap? 
deck. TOXIWASP reuutrcs an I8M 370 (OS/YVS Operating System), or a DDP 'l/70 
(IAS ODeratlng System), prOgfamed In FORTRAN IV* or FORTRAN Iv. The fl rs: 
verslon can acc3mnodate 100 compartments, the second 50 Cgmpartments. TYe 293 
II/70 computer u:lllres an IAS operating system ant al!oca:es a 22~ d-3 (jdK 
3yte) user area for execution of a program. TOXIWASP occuDles a: ;eas: 321( 
words of memory :n either macttlne. Execution times range from a few seconcs 
to several minutes, dependfng on the ternDora and spa?:al resolution of :ne 
l nVlrOnment analyzed and tne mach'lne used. At this stage, It Is estImatea 
that one to two man-mont2s of effort are requl red to have an operational 
model, vlth a rough understanding of Its overall benavlor/performance. 
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User SuDPOfZ ACt?V? :icS 

TOX:MASP Is ava! labie from the EPA Athens Envltonmtntal Research 
Laboratory In a batch/tape version. To obtain the TOXIMAS? documentatlo' 
along vlth sample data Eetf and SUDDOrt SOfbddre. Wlte or contact; 

Hr. Robert Ambrose 
Center for ilater Ouallty Modtllng 
Envlronmcntal Research Laboratory 
U.S. EPA, College StatIon Road 
Athens, Georgia 30613 
(404) 546-3546 
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TOXIC 3rganlc SuPstance Transport dnd BlOdCCufWlat!On coded :‘SX:C) 

S-ry 
I 

* 
I 

I Capsule .summry ?CXZC 

The roxtc Organic Substance i 
TransDort and 3loaccumulatlon Mode 1 w $uds? -dynam:c, 3-di.wns:cnaL 
(TOXIC) (Scnnoor and .McAvoy 1981 ) Is a Cz~d~~nc mde: 

quas 1 -dynamic water qua1 Ity model i 3es:qned Cot reserve:: tid 

aeslgnea to sjmulate tne beqavior of ! :3paunc.menc dql;d:fC Sc/S:e.TS 

gestlcldes ln 3 reservot r and 310~ l F:zs:-orJe= k1,7eCLcs U:LS 

concentrat\on of pestlclaes tn aquatic b:OiOg:cdi d~rdddC:X Sd 
lift. I bioupcdke and depu:a:icr: 

The quds! -ayndmlc a3or3dcn u:jll:!res: (:) 'steady, dnntid' ave*3;e ;‘zr 
(From 3a:ly averages) for long-term s\mulatlons. (2) ste3Cy, annua' ade-z;? 
f low-retgntea sol jds ( From dd! ly susoenaea 50’ !as masurcTe?:; d?C : 
t:me-varidble toxlcant lodalngs 

'3X:C Includes a 7 3U:\nf! dI!C3 Cdlcu:d:eS d ,W:S zd:dr,C’? 5fl SeS’?lefl:S df’: 
the aasor3ed cnemrcal. Sediment degosltlon dnd st3ur are InC’dCe2. ds 1: 
dlffuslon of toxlcs from sedlment Dare rater to the over’iy!ng da:zr. -k+ 

model also computes contamlndnt uptake dna de9urdtlon 3y f\sn. 

TOXIC considers the aauat\c system be\nq rtmulated dS Se\ng dtv’dea ‘n:: a 
numoer OF compartments (\n one appllcatlon of the model UD to 100 comoartme?:: 
have been utllirea). Each compartment \s conslaerea to be a c3moie:01y m!xeC 

system. 

The concentration of the contaminant througn time Is aescr!Dea by a set o; 
ordinary dlfferentlal equdtlons, one for each comcdrtnent. The bdSlC equat'on 
IS urltten to include the sum of the First-order or pseuao-first orc!er 
reacttons (hydrolysts, bloioglcal degradatton, blologrcal ugtake, Dhoto?ys!s. 
and volat~llzatton) as well as adsor?tlon and desorptlon klnetlcs as a 
Functton of particle sire dlstrlbut!on. The coupled equations are tnen solve!: 
vld a vartdble step stze fourth order Runge-Kutta numerlcal techn:que. 

Input. Dd td Requirernenc3 

The inputs to the model can be classtf!ed .,Jet the following categories: 

0 Ceometrlc properties, such as volumes of compartments, a:stances 
between them, surface aceas, and locatIons 31th respect to other 
compartments. 
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0 Flour Between cotnodrtments ana betreen eat? c3modrtmei: ana t!7e 
outr\dc of the system. 

0 Rcactlon rates. scttllng rate constants, and pdrtrt\on coeffjc\ents 

0 SolIds concentrat!ons In each compartment. 

0 Bulk dlrperslon coefflclents betueen compartments. 

0 S!mulatlon parameters such as steD size and time of s\mulat\on 

oucwc Desctlpcf ens 

Output from TOXIC Includes: 

0 Solrds balance descrlptlon l\stlnq the concentrat\on of tne sa!bas 13 
the udter column and In the sediment, and the net C'ux >e-.de?r: :yy 
sediment and the rdter column over time 

0 IIlssolvea, odrtlculdte. and totdl c3ncentrd!:on of :-le ~~n:~m‘?~"- 
over time wlthln edch comodrt.ment. 

0 3escrlptlon of the \nflou and outflor vo:gmes d:;~c-df~?< d*:- 02~' 
comodrt,ment. 

Advdncaoes and L:ml :scions 

TOXIC \I Intermedjdte betreen fully time-vdrldble lnoaelr (e g , 4S?c; 3": 
steady-state .moaels (e.g., EXAMS). flows and sediment iodcs dre s:edcy-s:dte, 
unr le toxlcant lodalnq values are time-var\dDle. it uds aesrgnea a: d 
pest Ic Ide transport model to be applled to reservoirs dna \mpounaments i7 

dddltlon to che!nIcal reactlon pathudys. fish uotake and degurat\on (excret:on 
and tnetabol Ism) dre lncludea \n the model. Previous models hdve not combine: 
fate dnd transport modeling u\th the blologlcal effect (Sloconcentrat!on) 

TOXIC !ncludes d rout Ine uh\ch calculates a mass 3alance cn 
contaminant-sorbed dnd unsorbed sediments. Secllment aepos\t\on and scour are 
also Included, as Is the dlffuslon of toxlcs from sedjment pore water to t?e 
overlylng uater. 

Coefflclents and rate constants must be SuppIled by the user t3uS 
requl ring a dorklng knowledge of klnetlc processes, sedlm:nt transport 
mcchanlsms, and the ablllty to adjust the model’s comput-r code. 
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The nose; a s s:mulat:on CaDdD:lltlt?S rdS 3es:gnea to Be aDD: !eQ :3 
reserve’ r 3r :mooundment aquatl c ecosystems and may tnerefore 3e und::rac:‘ve 
for use 'n sltuatlons depe multt g!e auuatlc systems (e.g., r!vers, streams, 
and Ymooundments) exist. 

user SuDDort for the model 1s rather 1:mltea. A user’s mdnua: :s 

unava !ldo:e at :!l1s t:me and the model !s not current‘y su;porteC SV t?e . 
Center far dater Ouallty ~oaellng. ER?, USEPA, Athens, Georgia 

mde! ApD::CdciOfl 

rgx:c nds Seen apol:ed to loba reservo’lr la:a :c s’mu:d:e t?e :e”df’:- 3; 

t?e ‘isec:lc 1Ce dle'drln and :Ye nerb?c!des a:ac3:9r ant d:*a:‘:e 3:edC,v- 

state analyses and audsl-dynamic sImula:lons u#l t3 :!me-dar'ab:e ;* :r , c 311: 
?oddl?qs -ere ,dnderfaken. 

‘he :zmcu:er c:Ce F3r TSXiC !S urltten 'n i~2T?,1H. ':X1, ,in IzIP 
17D'e!nel:eC In a Sat:.? mode 3n a l?H 3?0 or a 752 D-'me sjs:e~. '40 Sj:f?- 
over’dj ca2aD:ll t!es dre requlrel. 

Yser .Si;;mr: AC:: v: tics 

The user’s manual for the TOXIC methodology Ys not currently ava:‘az:e, 
nor 1s 1 ts avallablllty planned for the near future. Horever, CoD'es of :ne 
model code (ccmouter taoe) and tectinlcal assIs:ance on apolylng :5* xCe' Tdj 
3e obtal?.eC 3y csntactlnq: 

J. L. Schnoor 
Clvll and Environmental Cnglneerlng 
Tnergy Englneerlng Dlvlslon 
Unlverslty of Iowa 
Iowa City, Iowa 52248 
(319) 353-7262 
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Channel Transport Yodel (CHNT2N) 

The Channel Transport 4odc~ i 
CdpSUle SUlTllMty C.YtCW 

(CHNTRN) (Yeh 1982) rds develoPed by 1 
tne Envlronmental Sclencc Dlvlston of . 7:,m-vdryLng i-dL,wosiondl 
ttic Oak Rtdge Ndtlonai Laboratory, Oak I C3lTlpdttTW3Yt mdei 
Rldge, Tennessee, for the EPA's gff\Ce k ,qo&Js r: vets , :dKes, es::d=:e3, 
of Pestlcldes 
'he 3ur30se 3f 

and Toxic Substances. , C3dS :dl Wd:etl. 
CHNT2N 1s to s?mu:ate . Comprehens: ve second-order ti:.cet:cs 

t:mc varylng dlstrIButlons of * for organ: cs 
sed:ments and chemicals In rpcelvlng I 

cOp:ex Md tid:d :n:ens: ve 
raters. CHNYJN can mode' the I 
tran:Dor: ant fd:o of d Dollutant In a 
d!ae varqezy of dcuatlc systems, tna: !ncluCe: tlcd’ d?lC -ICC-:‘$a’ -’ revs 

:dK?S, dnd reservlors, s:reams, es:udr:es, ana =3dS:d: seds. A >dr:‘:a’dr 

&edture of CHNTi?N Is 1:s capabtllty to dedl tilt.7 d net’dork s.fstoTl ::df 7.2: 

COCS!S: 3f any number Of JolneC and 3ranc.?eC streams/-‘vers - 37 :3ll$drJ:‘? 

S ’ ‘P CHNTRN, 
: 9;;; ,n’cn 

c3mblneC w: tn tne Chdnnei uydrodjndmlc UcCe’ ,: :c?ibJv~ do- 

,moCeis tne !lyCrOdyndfll\C CXlDu:d;:5fls Of f’%S dPC rd:e’ Ce::?:. 

constitutes a s=f:rare gdckdge for grefltc::ng :?e transaor:, transfer, a?C 
trdnsformatlons of orgdnlc pollutants In d s:ream/rlver sys:em. 

cHN:R!d Cdn nOdeI ComDleX pr3blem Set:!ngS :?dt Cdfl De dC~r3X’Td:6?C r’:7 
l-dlmenslonal segments. qoUlf!catlon of t a9 e node 1 :3 -. :tPd* 2- dno 

3-Ulmenslonal pr30lems !s reiatlvely easy because of :Ye 4 ntegra:e$ 

compartment approach. The spattal scale of segments can vary from me:ecs :z 
kilometers, and tne temporal scale can vary from seconds :o hours. 

CHNTRN uses the chemical ktnetlcs of EXAMS (Exposure Analys:s YoGe:lng 
Sys tern) to account for hydrolyslt, oxldatlon. photolysls, voiatl::ra:lon. 
Blodegtaaatlon, and adsorptlon By blota. Consequently, ot?er pnys!co-c?em!ca? 
factors (e.g., temperature, 00, Wt) are also reaulred. Sedrmen: transpor:. 
de~oslt~on, dn(J scouring are rrmuldted for :nree particle types, :dnC, srlt. 
and clay. Provlslons for adsorptIon/ desorptlon and pollutant ac:umu:a:lon !n 
:3e 3ed sedlment are Included. 

The model code Is In Basic fORTRAN language. it consists of a main 
grogram and 15 subroutines. The equations that govern tne system's klnetlcs 
are Qerlved from 3-Ulmenslonal mass balance equations. An Integrated 
compartment method (Yeh 1981) Is used to solve the dlfferentlal equattons. In 
thls method, the llnk fnatrlce? 2re derlvcd based on the fluxes of mass alon: 
each of the llnks that inter? i,\e the compartments of the river system. Tb* 
global matrix associated u\th spattal derlvatlves 1s assemBled from there ltnk 
matrtces. 
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T?e r?S.J:t 1s d system of oralnary C!ffe~ent~dl equat'ons -I:> resDec: :3 time 
:3dt govern :ne cynamlc evolution of SusPended redlment, 3ea sea!ment. 
dIssolvea c5emlcal concentration, pdrtlculate cnemlcal concentrat!on, and 5ed 
sediment chemical COnCentratlOn. Chemtcal concentrations for 90th t?e bdat 
column and Bed sedlment are solved By the tlme split scheme. Tao options fL 
solution are Drov!Ced; one 1s the exDl!clt sctieme for fast c3mDu:d:'on; :3e 
second 1s :3e lmgllclt scheme bdnlcn generates stable solut:ons for ldrqe :Ime 
steps. 

CHNT2N user manual and documentation are currently In Craft for? and !: 
has yet to 3e field verlfled. 

CHNT2N \f a soph~st\cated model reaulr:ng extensive ca:a 11s~:. 3ec:r* 
CHNt2N can 3e executed, hydtodynamlc varlaales such as flow rates. .a:el 
3ezt3, cr3ss-sect!onal area, ulcth, and we: 3er’netep 771~s: Se oE:a’*es cock 
act;a? data !f available; If not avallaB\e, t>‘S ‘nfOr7dt’On Cdn 3e Ost’Td:e’: 

us!ng CLIYHVCI. 3:3er Cd:a !nDu: Inclubes: 

0 Env "3nmen:al parameters - dir ?e+noerature. SO:dr raC’d:‘2f?!, r’-l: 

soeed, vaoor pressure, ra:ec :efwecd:ure, ~x:‘~Yc:+~P :3e’c’C’~r~, =-, 
;CH, 3xrad:lon raClca;r. 

0 S!O:Og:Cdi Informd:lon - :dc:erldl 30Dula:lon aens':y, :'S:e3DeCdtJrf 
for dc:lva:lon energy. and :ne Bdcterrd 1 port!on ! 1 vo : ,Jpc ’ -, 

0egraCd:lon. 

0 Coefflc!ents for pnotolysfs, hydrolys's. oxtdatlon, 3‘oCeS*aCd:*=n 

0 SeC!ment :yDeS and C!str!butlons. 

0 TransDort Information - rol!Cs In rater column ant se!: Imeqt , 

sedlmentatlon and resuspension velocltIes, ;)artltlon coecflc’ents, 

Clsperslve coeff!clents Betbeen phases, ana volatll:;at\on rdtes. 

0 System geometry - areas, depths. volume. 

0 Sources and amounts of pollutant. 
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Oucuut 3escz:2c:ons 

CHNTRN calculates and presents the folloulnq for Inc!v!cua: czmoartment; 
In tabular form: 

0 Olsrolved chemical concentration In t!le water coiumn as a funct'on gi 
Clstance from tne source. 

0 Part?cula:e concenttatlon !n suspended and bed seC!ment. 

0 Sus3cnCed sediment concentration anC amount of 3ec: 5?c'71en: -9a:n'n; 
In a unjt bed dssocldtton. 

AdvaT, caces and L:.??i :a :: ens 

'he malor advantaGe of C3NT2H Is 1:s ca:ac’tj ‘.:: ~‘x’E:J :‘?e-dd-y’?< 
C~strtbutlons !n aI; ty3es of water Cocles. CHN’?Y dCC3UntS r;, 2ct7 
dCvec:!ve and Cls3er5lve flour and :>e total c:~x 3f dr ac;d:*: sjsterr -Ye 
c>emlcal clne:!cs are :?e secana-order rate exDress!ons oi EXAMS. 

CHNTRN has yet to be field validated. 

tfodel AL?Dl?CdC?OES 

CHNTRN has been app11eC to tL0 river netrork samo:e groC;ens ;z* 
Cemonstratlon pur2oses. The first sample Is a slnqle river system, dnc :!T+ 

second ?s a network of F Ive rivers. TypIcal data were used For :?e 
sImu:atlons. In each example, the rivers are UlvrCeC UD Into c3moartmen:s. 
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The ftrst scenario produced seemlnqly unreallstlc results. C;oser 
analyrls of the Input data revealed It to be erroneous and Illustrated t>e 
‘garbage tn. garbage out' results. The second scenar!o showed reason2 
results for clay, silt. sand, Clssolved cfiemlcal, clay-adsorbed c.7emlc 
slit-adsorbed chemical, and sand-adsorbed chemical concentrations. Because no 
analytical solutions were available, It 1s not Possible to assess :ne accuracy 
of Me results by comparlnq them ulth analytIca results. Houevec, the 
results lntultlvely lndlcate that the model can reallstlcally simulate :5e 
benavlor of the sediment and chemical varlatlons in a Stream/r'vet net‘dork. 

Resource Rec7f.i: zemcncs 

CHNTRN IS urltten In FORTRAN IV and tlds been !mDlemen:eS an an :zu 7017 W.-d 
comuuter. S:.nU;dtl on execution tlme may 3e extenslve. 

User Su3wr: Ac:: v: ties 

Cooles of CHNTRN's draft user manual and Cocumenta:'on as dei' 3: 
assistance MY De obtalnec from: 

C. T. Yecl 
Environmental Sciences l!vrs!on 
C.3K R!C$e Vat’ onal LaDI=*a:3ry 

P.O. Box x 
Oak Rldqe, TY 33830 
(615) 5:4-7295 
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Flnlte Element Transport Model (FETRA) 

The FInlte Element TransDort Yodel L 
(FETRA) ?s a tlme-varylng, 2-Clmenslonal 

T:.ne-vdry?nq 2-dL678cSiOf?d~ 

and lateral) 
iacera: i 

(longltudlnal transport 
f long: :ad:.-Id.: , 

.node 1 developed by Sattel le Raclflc 

t 

Complex sedl.mnt :raspor: 

Yort,?ues: Laooratorles. FETRA utllrzes 
capab1:: t:es. 

a fin lte e:ement solution :ec,7nlcue and 1 
Comprehens:ve secmd-order 

k'-•c:cs #-r 
consists of t9ree submodels couolea to lp &'* *"* 

3t;m:c zecdy 
Uver, es tuuy , and c3ds :a; 

s lmulate t3e trans9ott of seclments and ) sus teas 
contamlndnts In rivers and estuaries 

x 

:hrouqn the 
nec3dn' 57s OF abvectlon, alffuslon/clsDers:on, aCsor~t'on;Ces~r;:'or, i-: 
Ceqraca t'snldecay. FE'RA can be acoiled to rivers, estuaries, czasta‘, 3;:: 
Jnsa*ra*'f'eC . -4, :dce systems. 

T?e sec?!,nel* transaort sucmocel 7 . S !7iU IdteS sed Iment ncve?e-: C3’ --->.a . -- 
seC’.ne?: s 1 ze fractions or seC!ment tyces. Thl s su3mcCe' 'y * ;Ces t-+ 
mechan!s,ms of: (1) advec t?on ant ClsDerslon of sediments, (2) ca" de'oc':j 3-3 
coneslveness. and (3) Ceposltlon or eroslon from the DeC. 1: a;53 ~3‘:::afe: 

changes In DeC cona:tlons. Includ'nq Sed elevatlon c,Tdn$es Cue :3 ::zur'ns :r 
desos:t:3n, and gives a 3-dlmens!onal ClstrlDutlon of seC!mei: s';es -'t?'? r-5 
bed. 

The clssolvea contaminant transport submodei s!mulates t5e i’sso’ de:: 

contaminant lnteractlon WI t!l sedlmcnts In motion and ul:h stationary zec 
sedlments. The rubmodel Includes t3e mechanisms of: (1) advectlon and 
d?ffuston/Clsoers!on of Ulssolved contaminants; (2) adsorption of Clsso‘~ec 
contaminants by both movlng and stationary sediments or Cesor;tlon frzrn t-e 
sediments tnto udter; and (3) chemlca 1 and bloloqlcai deqraCat!on :r 
radlonucllde decay of contaminants. 

The particulate contaminant transport submodel simulates t!?e transaort of 
Sediment-attached contamtnants for each sedlment stze fraction. It 1nc:uaes tDe 
mecnanlsms of: (1) advectlon and cllsperslon of particulate contaminants; (2) 
adsorptlon/desorptlon of dlssolved contaminants ulth sedlment; (3) chemtcai and 
bloloqlcal degradatlon or radlonucllde decay of contaminants; and (4) deooslt'on 
of QartlCuldte contaminants on the bed or eroslon from the bed. 
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TYe :emoora: scale of FETRA 1s on the order of minutes t0 hours. 
Hyaroaynamlc data arc suoollcd by exterior models sucn as CAFE-1 (ocean 
currents) ana ;330 (wave refractlons) for coastal waters appl!ca:!ons, and 
EXPLC)RE-i (veloct:: es ana flor deotns) for estuartne and r!verlne aDgl\cat?on 

EXPLORE-I !s a comprenenslve matnematlcal rater aua!:ty model to be user! 
?n tlver basin Dlannlng and udter resource stuales. This generalIzea river 
basin water qua1 lty model can prealct tne nyaroaynamrcs and uater auailty 
dynamics f3r r!vers and bell mixed estuaries. The EXPL3RE-I model '5 an 
extenaed and moalflea version of tne Storm idater Management %Cel, recelv!?g 
rater ::mponent, d7lch was develooed for s:uales of 30/9CO dyrdm!Cj. T?e 
mode ! 1s caDable of slmulat:ng a number of hydraulic regimes :n e't3ep a 
dynam:c or steady-state mode, and It has been set uo. ca"brated. ana ver'i'eC 
3n a >ort:on of t>e 'dllllamette ?Yver 3as1n. conslrt'ng 3f ma:or tr'Su:Jr'es. 
EXPLORE-I -as developed By 3a:tel~e-Nort3ucst Ldbora:or:es for t3e E?A. 

‘-.DU t Sd Ed Rec2: rc.78Pncs L . 

The !npu: data reau!remen:s for 
sti:rnoae? :d:d requ\rements Ynclude: 

0 : zrmon Sata reculre3en:s ‘3r a:i the suzmcaels: 

C3annel geometry. 

O'.scr\arges aurlnq tr\e s\nu!a:\on Der\oa 

3!scnarges of trI3u:arles. overldna r2nofc, ana s:?er 70’?: a-- w 
non-point sources. 

Lateral and longltualnal cllsperslon coefflc!entr. 

0 Aad\t\onal Requirements for sedtment transport submodel: 

- Scalmtnt s!ze fraction. 

- Sediment density and fall velocltles for sand. ~11:. and clay. 

- Crttlcal shear stresses for eroslon and aeoostt!on of conesbe 
sed\ment (slit ana clay). 

- Eroalblllty coeff!clent of cohesive sed!ment. 
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- Searmen? :3ncentrat!on for eacn seC!ment s!re frac:'on. 

- 9ottom seplment size fraction 

- Sealment concentratton at :ne ugs:ream end of :5e study veac?. 

- Contrlbut:ons of sediments from over lane, trlburarles, anC 
otfler point and non-point sources. 

0 AcClt?ona: reuulrements for tne 3:ssolvea :3ntamtcdn: dna 
sartlculate c3n:amlnant transport sdCmoce;s: 

- Olstrlbutlon coeffrclents and transfer rates 3; :3n:an'sd:: 
rltn sea!men: :n eac3 sediment r're C-action :r.e.. 5dnc. s*;t, 
and clay). !f values of a's:rYSu:'sn ccc CC'c *em:; _ 3'0 lot 
aval :aDle. It Is necessary :o know c:ay mlnera: dnc organic 
seccment canten: to es:lmate t?ese dalzes. 

- SecDnC-or$er decay rates of ccntan:adPts 

- 9ounCdry :onCl:lons. 

- tsn:-‘:u:rons C 
concentrattons ft'crn 

a:ssolveC ant :a *:l:d'a*e . ._I ,.a, -'^.‘7‘"d". . 
:rl3u:drles, cve*'a73, dnC z:7er ;L"P~ 3-c 

non- 30.' 3: sources. 

-1 ., ’ ‘7 *?.e input ia:a Cescrl3ed above. ;E'21 s:mula:es t?.e f3;:2b*7~. 

0 SeC!ment slmulatlon and long!tuC!na)/~atera! 3!jtrl~uf‘~ns sf 
:3tal sediment ana sire fractions and c?anges In bea eievat'on. 

0 C3n:amlnant slmulatlon and longltuClnal/~aterai dlstr!Su::ons of 
absolved contaminants. contaminants adsorbed by sedlmen: and In 
the 3ottom sediment for each sediment size. 

Advmcaoes and L:ml :acions 

fE7RA Is Ceslgned for time-varlable analyses of 1- or 2-Clmens!onal 
(3orlzontal) uater bodies. Its sediment transDort rou :'nes are 
sopnls:lcatea and ~111 predict t?e resusDenslon veloc::les ana Se< ‘0aa 

given tne sediment and hydraulic characterlstlcs. The model can Se 
couolea ulth a hydrodynamic model In order to generate f-lows and 
velocltles. 
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Input Cdta reoulrements for FETgA are extensrve. ana comoutat'onai 
:!me For ; ong term cont?nuous srmulattons may 3e nlgn. qesource 
requirements for set uo and executton are exoectea to De substantial. 

FETRA cannot alscern uater body s:ra:lf!cat\on. 

rradc1 AP.Dl:Cdt:OnS 

FETRA has been aoplled to the 
Games ?!ver estuary In Vlrg!nla 
(3n:sh! 1981) and to tne Irlsn Sea 
(3n'snl et al. 1982). The purgose of 
:ne James River aopl!catlon @as to 
tlmu~ate seC!ment movement and the 
trans9ort of the oestlclae Ketone 
.rR'C,l -as a~s:hargea to the river In 
suDs:ant:a: ouantl::es aurlng the 
early '375s. T?e Dur30se of the Ir!sn 
Sea a33 '!ca:lon -as t0 evaluate 
exoosure :eveis Of radtonucllaes. 
heavy -etais. ana ot3er :ox:c 
:hemlra's !n COdS:d! daters. oesu!*s . 
06 :?e I-' 53 Sea do3!!cat!on nave no: 
fe: 3ee9 oubl!snea. A alscusslon of 
tne James 2'ver acpl\ca:\on follows. 

-he lames R'ver aoollcatlon -as a 
:a "brat: on ant verlflcdtlon study of 
::‘aA. Sec'men: transport was modeled 
for tnret sea!ment types: (1) conesIve 
(silt and clay); (2) nonconeslve 
! 5ana) ; and, (3) organrc matter. 
'here resuits (see figure 1) were 
cornoared to f!ela data UfllCh Inalca ted tnat a cons Iderab;e amount 0; 
oar t:culate Keoonc uas transported by organtc mdtertals mov'ng 'nceoenden:': 
~::fl other sealments. Predicted oart!cula:e Keoone concen:rd:'ons d:SOC'd:PS 

ul:n eac3 tyoe of Sediment and uelgntea average particulate Kegone are snokn 
togetner ul:h measured flela data of average partjculate Ketone concentra!lons 
In figure 2. The computed results and the flela data closely agree In SO~YI 
F!gures. 



Resource Reuu 1 zcmn cs 

The cornouter program for FETRA Is wrltten In FORTRAN IV language. FET?A 
can be used on IBM, VAX, or COC-7600 computers. Executron :!mes ant run ~3';:s 
vary. Oegendlng on the characterlstlcs of the system to 3e modeled. for :Ye 
James River appllcatlon, comouter tlmc required to calculate a!: seven 
substances per comgutatlonal mode per time ste:, was 0.0029 CJ second 3n t?e 
COC-7600 computer. 

u3er SUplwrt ACCi v? Cl es 

The user's manual and system documentation dre s:':? undepgo*Tg -evtek 3T 
USE?A an4 are nqt Yet ava! lable for 3ubl!cat!on. '+e :c-;,: 71oco' '1 
operational. has been lmoiemtnted In selected acol'ca:'ons, d7C '5 ~~a"d:*+ 
to the public. 

Model Infarmtton can Se cbtalned 3y cctntacr‘ng: 

Yasuo Onlshl 
9d:telle - paclflc Yorthvest %dboratorles 
2lC3’drld. kdsnlngt3n 99352 
fx 444~3x2 czn 509-376-8302 

Onlshl Y. 1981. Sedlmtnt-contdmjnan? ttansport nodel. ;Our?a' 2:; :'e 
Hydraulics 9lvlslon, AXE, Vol. 107, HO. HY9. 2roc. 3acter i650c - . 
30. 1089-1107. 

Onlsn! Y, Mayer OW, Argo, RS. 1982. Sediment and taxlc contdmlndn: :rans;or: 
modellng In coastal waters. In: Flnlte Element Flow Analysis. apoc * >aDec 
DD 733-740. 

Onlshl Y, et al. 1981. Crlt!cal review: RadlonucllCe Transport, SeS'Tnep: 
TransDort. and Water Oual!ty ~~at~ernatlcal uodellng; ant ?dC’onuc: ‘CO 

Adsor3t\on/dtrorpt\on Mechan\smr. R:chland, ‘darh\ngton: gac\f\c YOrf?hteS: 
Laboratory, Battelle Hemorlal Institute. HUREWCR-1322, ML 2901. 

USEPA. 1982. EPA Environmental Model Ing Catalogue. Abstracts of 
Environmental Models. pp. 363-366. 
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Sealment-Contaminant Transport rode1 (SERATRA) 

fhe Sed!ment-Contaminant Transport 1 
I 

Model (SERATRA) (Onlsnl ana illse 1982a) Is 
a time-varylng 2-Ulmenslonal (longltudlnal 
and vertical rtsolutlon In the ilater 
:o:umn ana bed) sealmtnt and contamtnant 
transport node1 aevelok3ed by Battelle- 
'3C qclc L(ori.%est Laboratories. The model 
3realcts dlstrlbutlons of sealments and 

t31’C c3ntamlndnts In rivers and some 
':coucCnen:s. The model consists of t3e 
Ce" " cr:ng tnrec coupled submodels 
"n'c.7 3escr13e sediment -ccintamlnan: lnte 
:ec 'men: :ranszor: slrbmoCe1; (2) a a!ssolv 

ant (2; a "ra pt!c2J:d:e contam\nant trans30rt 

~:.T&?-Vdr~:t7~, 2-d:.'lWnS:Ond: 

(!Ong?:ad?.?d?. VCrt:Cd?i 

m 

I 

Complex sediment tzdnspor: 
Cdpablil::I?S 

L Comprehensive seand-order 

t 

Uncc:cs. 
Rtver, lake, and fmpoudmenc 
s ys ce.ms 

rac::ons dna mnlGrat\cn: ‘: a 
‘ed c3ntdmlndn: t-dnszort ;dc,zoce’, 

submodel. 

The seCl,menf t-anspor: su3model s!muldtes trans'3ort. :e20s1:'25, :::;r-'*c 
ana arTour!ng f3r three stre fractions (or sediment ty3es) of cones've 3rC 
-0nc3nes've sea'ments. The tr;jnsgort of particulate cantamrndnts '! e.. 
::n:dm!ndnts dzs0r3ea 9y seC!ment) Is also slmulatea f3r each set'men: s’:? 

Z'sso'ved can:am:nants dre linked Oy the aasorptlon/aesorpt~on 2r3cesr :3 :?e 
rec'ment dnc pdr:Iculate contaminants. T>e contdmlnant su3models ac:3un: f3r 

. I 
' i ddvect!on ana a!sperslon of d!ssolvea and’ 3ar:Icu?d:e contam'ndnts; '2; 

:Aemlcal resulting from hyarolysls, ox3datlon, ~notolys:s. 31o;og'cal 
ac:lvlt!es, and radlonucllde decay dnere dDp11caOle; (3) vo:dt??lzat!on, ,J) 

adsorptlon/d~sorptlon; and (5) deposltlon and scouring of gartlcu:d:e 

contaminants. SERATRA also computes changes In rlverSeC c3ndlt?ons c3r 
sediment and contaminant dlstrlbutlonr. 

Requlred Input Includes cnanne 1 and sediment cnaracterlstIcs and 
adsor~tlon/desotptlon propcrtles of the contaminants. In addltlon, SiRATRA 
pequlres Cl scharge ana depth d!strtbutlons unlcn can be ootatnea by a 

hyarodynsml c model sucn as EXPLORE-I. EXPLORE aDpllcaflons for use utth 
SERATRA do not require reprogranmlng; however, some reformatting dnd 
recalculatton of the Input parameters may be requlred. EXPLORE Is dlscussed 
ln further aetall In the FETRA sumnary. 
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SERATRA 1s slmllar to FETRA In tnat both consist of the same three couolea 
submodels; and provide time-varying. t-Clmenslonal transport slmuldtlon using 
comprehensive second-order decay klnetlcs. Both provlae long ::uClnal 
resolut!on, whereas the other Clmenslon for FETRA Is lateral ratter than 
vertical (as 'n SERATRA). 

rnput cd Cd Recu? re=n CS 

SERdTRA consists of the same three couDleC submodels t?at comorlses FETRA 
and t?erefore requlres ldentlcai Input data. Refer to the FETRA surrmary for 
dlscusston of SERATRA's input data reaulrements. 

Si?dT?A 3rov'des output ldentlcdl t0 t3e FE'RA outzut except r-d: 
1 ong 'tyclna: and vor:!cal, rat.cler t,?an long4tuClnd' ana !dte*a:, ~'jt-'",**~r: -*c 
ant resolut! on dre provIdea. 

Advdncacez md L.L.7: Ed C:ons 

Like :CVIA, SEAIi?A prov!aes the capaO\!,lty of slnuiat'ng t:e ::nc‘ex 
mec7an! ~~3s Involved In c3ntamlndnt mlgrdtlon 3Y COUP ‘ng contam’7drt 
trans9or: anC Cegradatlon bd:n sediment transport. SERAT?A aiso hanc'es 
time-varl able analysis of stratIflea (t-C!menslonaJ) water OoCles. 

ACsor~tlon/aesor~tlon mechanisms are exDressea by a Cls:r!out!cn 
coefflclent and d transfer fate bdnlch OescrlDes tfie rate at un:cn 
alssolvea and particulate contaminant concentrations reach the1 r 
eoull:Orlum condltlon. Unlike most other models, SERATRA uses Clfferent 
Clstr:butlon coefflclents for adsorption ana Cesorptlon dna treats 

aCsor3tlon/Cesorptlon mechanisms as not belng fully reversible. 

SE?ATL?A requires extenslve input data, unlcn may l!ml? tts 
aOpllcabll!ty. It also requires rather extensive computer tlme, In wnlcn 
1 ong- term, continuous slmulatlons can be expensive. 
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The moael cannot be aDolled to estuary systems because longltualnal 
clffuslon Is neglected and lateral sedlmcnt concentrat?ons are assumed to 
be unlform. However, the model does handle vertical varlatlons of 
longltudlnal velocity to cause some longltudlnal Clspersal of sediment. 

SERATRA requires an exterlor hydrodynamic model to suooly required 
hydrodynamic data. EXPLORE appllcatlons require adjustment of several 
parameters for use ulth SERATRA. 

node1 APU! tea ctons 

SERATRA has been apolled under both steady and unsteady flow 
condltlons and has also undergone field apgllcatlons ultfi CalloratIon and 
verlflcatlon data (Onlshl et al. 1982). Also, SERATRA has been field 
tested as an Integral component of the Chemical Mlgratlon Risk Assessment 
(MYRA) uethodology (Onlshl et al. 1981). 

Under steady flow condltlons, SERATRA was aoollea to t,cle Columala 
Rlver In uasnlngton and :ne Clfnch River In Tennessee (Onlsnl et al. 

1982). TAe Columola Rlver apol!catlon sImulatea :5e Iransport of 
sea:ments. radloactlve 65Zn, ana a heavy metal. The Cl:ncn R\ver 
a30llca:lon s Imulatea Instantaneous and. continuous releases of 
rad I oat ttve 137Cs and 90Sr. Reasonably good agreement Oetueen prcalctea 
ana measured results was obtalned In 80th aDDl!catlons. 

Under unsteady flow conC!tlons, SERATRA was apglled to tro small 
streams ul tn rapqdly changl ng flout (Onlsnl et al. 1982). This 
aoDllcatlon simulated mlgratlon and fate of a pestlclde and stream 
sedlmentt. No measured field data are available for comgarlson of the 
model’s orealcted results: 

The callbratlon and verlflcatlon appllcatlon of SERATRA slmulatea tne 
transport of sealment ana four radlonuclldes In the Cattaraugus Creek 
udtershed In New York (Onlshl et al. 1982). Although there were some 
Clscrewncles between predicted and measured values, conslderlng the 
comolextty of the model.lng system and field data accuracy, agreement 
betuten predlcted and measured results were judged to be reasonable. 

SERATRA, as part of CHRA, was applied to the four Hlle Creek 
watershed In Ioua for a three-year field study (Onlshl and Wise 1282b). 
Hlgratlon and fate of a herblclde were simulated In this appllcatlon. 
‘ln *latlon rr:,lt- revealed a strong seasonal pattern of herblclde 
transport. 



Resource Rwu~rcmencs 

The computer program for SERATRA Is urlttcn In FORTRAN preprocessor 
language, FLECS. A standard FORTRAN IV version of SERATRA Is also 
avallable. SERATRA can be lmolemtnted In a batch mode on VAX or POP 11/70 
computers. Execution tlme and run costs vary. depending on the 
characterlstlcs of the system to be modeled. One cost estimate Is 
$0.0088 per time step per segment. As Dart of the C!4RA Methodology, four 
man-months were estimated to be required for the SERATRA component to be 
lmolemented at a cost of aporoxlmdteiy $100 to $200 per run Der one year 
slmulatlon (for all four of the C!4RA components). Th's time estlma:e '5 
based on the folloulng assumgtfons: (1) all data necessary tc neat t?e 
1 nout requl rements are avallable; and (2) auallfled pepsonnei are 
avatlaDle to lmolement the model. 

User Supporz Act: v! C:cs 

Coo'es of the user's manual are avalla9;e Crzrn 393 P2g;';d:'ons, 
Center for Env~ronmcntal Research Inforatlon, USE?A, C!nclindt', Zh 0 
45268 (:eleDnone 513/684/7562; ask for publlcatlcn EPA-6~C/j-a;-:55) 

User assrstance can 5e obtained by cOntact?ng. 

Robert Ambrose 
USi PA 
E?A Athens Environmental Research LaSora?gry 
Center for Water Ouallty Wodellng 
Athens, 'Jeorgla 30613 
(404) 546-3546 

Model lnforwtlon can be ootalncd by contacting. 

Yasuo On! sh! 
Battelle Paclflc Worthrest LaboratorIes 
P.O. Box 999 
Rlchland, iashlngton 99352 
(509) 376-8302 

The SERATRA model Is oDeratIonal, has been Imglemented In selec:ed 
appllcatlons, and 1s avallable to the pUbl!C. 
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Transient One-Olmens!onal Oegradatlon and Mlgratlon wodel {TOOAF) 

The Transient One-Olmenslonal 
Capsule Sunmary: ?CDM 

Oegradatlon and Mlgratlon Model J 
(TOOAM) 1s a time-varying. l-dlmen- t Tine-varyfng, 1 -df.menstonal 
stonal (longltudlnal) transwrt model h Cowlex 3ed,nerc c=dn,20tc 
aeve 1 aped bY Battelle Paclflc 

A. . c 

Northwest Laboratories In Rlcnland, I capabtl~cfes. 

TOOAM Includes the long- m f 
Comprehcns:ve second-order klnec:cs 

idashlngton. 
ltudlnal dtsgerslon term and can 

RL vet and estazy 3ys:em 

handle river/stream systems 
estuartes, and dry bed conaItlons. The model 1s suI:able for many clve-s 

where vertical stratlflcatlon Is not a cmcern. 

TOOAM 1s a moalflea and slmpl.lfled version of t3e 2-Clmensjona' tF3n3Zcpt 
model, Sea Iment Contamlnan: Transport Mode! (SiRATRA;. als: zeveYc3et 34 
Sattelle. TOOAF 1s CornDosed of the fo‘iloulng three ruomoae:s :3mO’neC :i 
descr!3e sed!ment-con:amlndnt lnteractlon ant mlgratlon: 

0 Sediment transport 

0 Olssolvea contaminant transport 

o Sorbed contaminant (contaminants aasor3ea Dy sealment) :ransDort 

These submodels solve an advectlon-d!ffuslon equation using a flnlte e'emen: 
solutlon techntque with decay and stnk/source terms vlth appropriate In\:lal 
and Boundary condltlons. 

The sediment transport submode 1 simulates transaort, aeposltlon, and 
eroslon of three sediment size fractions (or sediment types) of cohesive and 
nonconeslve sediments. The dissolved contaminant transport submodel lncluaes 
mcchanlsms of contaminant adsorptlon/desorptlon, as well as radlonucllde decay 
and contaminant degradation rerultlng from hydrolysis. OXldatlOn, DhOtOlySb. 
volatlllzatlon, and blologlca~ activity. The particulate contaminant 
transport submodel simulates transport. deposltlon, and eroslon of 
contaminants associated vlth each sediment size fraction. 

TOOAH Includes the mechanisms of advcctlon and alffus~on/alsDerslu~i of 
sorbed contaminants; adsorptlon (uptake) of dissolved contaminants by 
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rearmcnts 3r desor3t:on from scalments; raalonuclldc decay; deuosltlon of 
sorbed contaminants to the river bed or resusDenslon from the rlver bed; and 
contrlbutlons of Sorbed contamtnants from point and non-point sources lnto the 
sys tern. TCDAM also computes changes In river bed condltlons, lnclud!ng bed 
elevation, sealment size dlstrIbutton, and sorbed contaminant dIstrIbutIon 
vl:,?!n the bed. 

An exterior hydrOdynam!C model, such as EXPLORE, or the Ocstrlbuted 
K'nematlc dave qoael for Channel Flows (OKtiAV), Is reaulred to Drovlde channel 
f’OU. cross-sect!onal area, depth, shear stress, and wetted perimeter cor use 
zy TOOAH. Re~rogramnlng Is not required If eltntr EXPLORE or OKiiAV 1s used. 
:X?',IlRE a0Dl~catlons require some reformatting and recalculat:on of InDut 
parameters; dnereas, DK'rlAV aDDllcatlons can be directly tntegratea f3r use 
# ’ l q .a ‘CCAM. 

DKirAV, also deve 1 aped by Battclle, Is an unsteady, l-almens:onaY, 
secgna-or3ev. ex3llclt. f\nlte-difference model irh\Ctl 5 imulates tne 
7yc-3cjnam\cs In aenarl:!c river systems to obtain t:me varytng dls:t!3ut'ons 
si 3es:?l ana veyoclty In a cnannel. The model, uhlch can De easlly como'nea 
-!:n ovep?ana f:or models, routes flows tnrougn arDttrarlly snaped chdnne;s 'n 
d:cr! :ne c?,dnne 1 reacn Is dlvlded lnto sections Sounded 9y 3olnts ca’:ed 
'lodes'. 713~ routln g 1s performed from node to node by a marcrrlng so!u:!on. 
"re P3Sd :!ons 3f motton ultf! t,?e klnetrd:lc wave dD~rDxlma:lon are nurnt!r‘ca;ly 
ana'y:ed rla a mod!fleci verflon of the Lax-hendtoff, second-orcer, 
64 n'te-a:fference sc3eme. NumerIcal stablllty 1s based uoon tne Courant 
t3~a:t'ons. goln: lnf:or or continuous (or both) lateral lnflou Is ?nc'L;aecJ 
"I ,n*c? SoAnt Inflow occurs at nodes or contlnuour lateral Inflow 3cc3rs 
:e:,-een icdes Associated ulth eacn cnannel sectlon \s Its oun seezaqe 
re'oc'ty, A cross-sectIona area versus dlscnarge reldtlonsn:p exists for 

eacn segment 3eYdeen nodes. Based on this relatlonshlo, other characterls::cs 
3arameters (fiou aegth, wetted perimeter, and so fortn) of each sect ton can 
also be obtalned. Each chdnne 1 sectlon retalns Its. own Ind4vldudl 
:.?drac:erl stlcs, dlcn Include a roughness parameter. lateral or point Inflow 
rates, s loge, seepage velocity, and natural cross-sectional shape. 

The EXP?[IRE model Is discussed In further Octal1 In tne FETRA sumnary. 

:npu t Dd cd Rcqu2 tcmncs 

The follorlng Items are Input data requirements of TOOAM: 

0 Channel geometry 
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0 FYou characterlstlcs 

- OeDth and velocity dlstrlbutlons 

0 Sediment characterlstlcs 

- Sediment site dlstrlbutlon 

- Oenslty 

- Crltlcal shear stresses and erodlbll!ty coecc4c’eq: C3r cches've 
sediment 

0 Contaminant c9aracterlstlcs 

- O1strlbutlon coefflclents 

- Transfer rates 

- Decay and Cegraddtlon rates or assocld:ed 3arameteps 

- !nttlaY c3ndltlons 

- Souncary c3ndl:lons 

ilth the Input data descrlbed above, TOOAM prcvldes t>e co:‘:~4ig 3~:;s:. 

1 . Shlment StmuldtlOn and dlstrlbutlons of totai sea:men:, sez'men: T':O 
fractions, and changes In bed elevatlon. 

2. Contamlnant stmulatlon and dlstrlbutlons of dissolved contamlnan?:, 
and concentrations adsorbed by each Sediment size and wlt3ln :.7e bed. 

The ma]or strength of the TOOAM model 1s that llke FETRA and SERATRA, 't 
nas very sophlstlcated red lment resuspension and bed 1 oad predlct!vo 
capabllltles. Its l-dImenslona1 framework makes TODAM more tal!ored to river 
apD1 lcatlons. TOOAH's klnetlcs are comgrehenslve second-order. 

Also, TOOAM can handle reversible flow and dty bed condltlons. TODAM, as a 
slmpllfled vs: sl-n of SERATRA, can be substituted for SERATRA In estuarlne 
appllcatlons. 
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TODAM reau'res extensive Input data ana computer t\me. r?e moael can Se 
used only In 1-dlmenslonal appllcatlons. 

rrodc2 APD~:CdC~OnS 

TOOAM MS appllea to Vortandad and South Wortandad Canyons ln Yeb *ex!co 
to es:lmdte In-stream flow, sediment transport, and radlonucllde transport !n 
lntermlttent streams. Transport of seven substances das srmulatea: sana, 
slit, clay, dtssolvea 239 Pu. and particulate 239 ?u adsor3ea 3y eden ty3e 
3f sed'ment. Results Indicate tnat the grid size was too ‘drqe dnc 3r3al;ce: 
nl;mep !cal aDDrox!mat!ons :hJt were too coarse to 0D:dln accaJra:e s9;u:'cns. 

'*e ccmcute- Drzgtdm f0r 73OAM 1s written lrr the :zt?'?A~ 3re3*z~e:s:c 
'dr<sdse, F:ECS. A s:anCarC FORTRAN IV verslon of i2CAH 1s a'so dva"dc'? 
--- 1" W./J= can 9e lmp~ementea In a batcn mode on 'VAX or PO? : ' /'3 :cmcL:trs 
Exec2:'3n t'nres ana run costs vary. de9enalng on :ne chdrdcte~'s:'is 2' :~e 
:fstei t3 5e moae'ea 

-'ser S~3ocrc Act: v: ::es 

'>e user' s gu!ae and system documentation are unaergo:ng *?v'er dt ,'SisA 
3nc dre 10: Jet aval:aDle for 3uDllca:lon. The TCZAW moae; 1s In oce~a:'on, 
“d: 3ee1 :mp:emel:ea In selected dpplIcdt!ons. ant ‘5 ava’;dc’e to :Ye 2~3”: 

More lnfor7L3:lon on t5ls model can 3e obtaIned by contact'ng: 

Yasuo Onlsnl 
Battelle Paclflc Northwest LaOoratorIes 
P.O. Box 999 
Rlcnland, wasnlngton 99352 
(509) 376-8302 

References 
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~yarologlcal Slmula:lon PFogram.:~R’~AN ;~spF) 

Summary 

The Hydrolog:cal Slmulatlon 
Program-FORTRAN (HS?F) (Johanson et 
al. 1980) !s a series of fully 
Integrated ccwuter Codes capable Of 

4 1 sImu~dcI g *'n l aterrnea hycrology and tfre 
Senav!or 0f c0nvent'onal and organtc 
30;: utants !n iand surface runoff ant 
rece'vlns -a:ers. Slmulatlons are 
DetformeC 0n a time-vary\ng. l- 
Z'7enslcea' 3as's and can 9e 3erformed 
Car s.. l *eJmS and non-:ldai rivers and 
C3r -e'i .mnlxei, non-stratlfled reser- 
dolrs. 

I CdpSU:tZ sUiTU?ldZLj HS?F 

‘0 SySCemdt:C sXdU:dZ .CfdlTWWC:k 

dl:OWS d VdriCc;i 3f ;pe:dC:.TS 

nodes. :nci;d:.7q =zn::.?ucus , t 
1 hyd zo;cg:c s:.nu:dc:on 

I 

l Comptchecs:ve second-order 

k:nec:cs f=t c:;u:ct decay 
l Scream rouc:nq ises kl*~e~dc:c .rdVC 

approx:3dc:cn 
0 CdCd :n:ens: vc 

-fS?F 3~s been moclf:ed fr3m the orlglnal vers'an, bn*:? :3ns':epc:: ;r': 
:cnvent’ona: 207iutan:s. to an uoda ted vtirslon *n':?i 3‘;: :2n:':e-: :?e 
:nemlca: Jrocesses JSSOC tated ~1 :n the slmuld::on of organ:: 30 ' :u:an:; 
Klnetlc processes for orcantcs \nclude hyar0lys!s. 3x!Ca::on, :r,c:o'js';, 
vo:at!l:zat\on, and b\oaegradatlon. A genetailzca f'rs:-3r?er 3ec3y -d:e ‘2 

Included for sorbed s&stances. furt>ermore, uD tO :?ree organ!: ;c~';;tdn:: 
;an 3e s!mu;atea at any one tlme; up to tati0 may 3e ‘?aus3:er* ::wi’cd’:. 
3rsducoc fr3m t3e 'Jarent' chemical (or tfie ot>er ":auqn:e~": 3y ar.j, 2r 3:‘ 3f 
t?ie 3egrada:lon Drocerrer. 

Sediment transport, cleoosltlon and scour are modeled for sand, sl:t, ant 
clay Dartlcie stres; adsorptlon/desorptlon rates are computed for eat> size 3f 
susDenaed and bed sedlment. 

The model incorporates structured Drogramnlng and top-dorn deslgn ;or a 
set of Integrated modules unlcn allow for tne continuous slmulatlon of 
hyar0logIc and uater auallty Drocesses. HSPF conta’lns three app? Ycatlon 
modules: PERUO, IWLNO, and RCHRES. It contains f\ve ut:l!:y modules: 
CCPY, RTGEN, OISPLY, OUAANL, and CENER. 

The watershed hydrologic algorlthn: follow the asrumpttonr made In the 
Stanforb watershed P4oael. The dynam\v anu continuous processes that affect 
the storages and outf\ou of pestlcldes and nutrlents from aqrlcultural lands 
are derlved from the Aqrlcultural Runoff Model (ARM), and the land surface 
washoff algorl tnms are from the Non. point Source (NPS) %odel. Stream routing 
uses the klnematlc uave approxltnatlon, and the water quality algor!thmr apply 
second.order k'lnetlcs to a flnlte difference solution technlaue. 
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SeC’ment- c3ntamlnant punoff ContrlPutlons from rurai ana Jrbdn !anC 
surfaces can 3e s\mu:dted threugti :ne execution of the doprOCrlate non point 
source mocules (user-saeclf:eC) contained In t9e model code. These moCu?es 
3realct sealment-contaminant loadlngr dssoclatea with perv:ous ana Imgecvlous 
land sur‘aces as a function of snow accumulation dna melt, seC:men: Dr3Cuc:'3n 
an6 -emova;. seclment-c3ntamlnant reldtlonshlps, rater Dudget, and so1: 
Infl7:ratlon rates. 

Tfie 3r_R~~o module slmuiater snow accumulation anC melt. mater movement. 
er9slon 3r3cesses. scour. and water quality In d pervious Iana regmeq: a':? 
homoqe0eous ~yCrologlc and cllmatlc charactcr~stlcs. 

:3r Im3e~vlous land segments diere little or no Inf:':*d:':? 2ccJr:. 
ncau;e :YPLHO can be aDDlIed. 

‘:e ;r:‘Ylty moCu:es dre Ces lgned :0 Drovlde flerlgl'!:y 'n Tdndg'ng 
-*w.,* .‘, . ,‘U d. -3 ! 13u: and 3~t3ut. COPY 1s used by :?e user t3 c:ange ::e ltr~ 3f 
:?e ::me series. ,I 5-m:nute ralnfdll record mdy be dggreqdted :o drr 3ourlv 
:Yme Intepva‘ for eramole. The PLTGE3 module Cteates d s3ec’d!:y C3p71d:tPC 

c,eyrien:d: fl le for later access 5y a stand-alone plot Droqrdm. DIS?L’ :dk?l d 

t’me ser 'es ant SumndrIzes t3e Cdtd In a formatted table. OUR~NL t3mDutes 
:evepd' s:d:‘stlcs on d t:me series. Ttie CiHER mOCule Is lrsea :3 :r3nsc3*~ a 

I’,me ser‘es to grocuce a neu series or to comolne two :Ime ser:es :3 ;red:e d 

7eu 3ne. 

An :nterac:lve edltor to prepare Input seauences for HS?F '1 under 
development and ~111 be available from the EnvIronmental Research ?aborat3ry, 
At3ens, Georgta. 

If fully lmglementeC, the HSPf methodology requires an extensive amount of 
Input data. However, If not all modules are selected for use In the 
slmulatlon Sy the user. the amount of Input data ~111 be reduced accordlnqly. 
Furttiermore, many parameters may be defaulted, but default values are not 
provided foe the more senrltlve, site-speclflc parameters. The tlme series, 
constant parameters, and uater quality \nput requirements Include: 

e flmc: series Inputs which Include: al r twperature, preclp! - 
tatlon, evapotransplratlon, channel Inflow. surface and 
groundwater Inflow, and wind movement. 
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Q C3nstdnt parameter lnouts l n:cn jnclude: chdnne‘ 3eome:ty. 
vegetdtlve cover lndex, surface detentlon storage, sr3uncb.a ter 
storage volume, so11 molsture content, overland f'or SioDe. 
snow-pdck data. 1nflltrat:on Index, and Interflor InCex. 

0 Land seclment fdctors: sol1 Cetdchment coefflclents, seC!ment 
lnflux. surfdce cover, sediment wasnoff coefflclent. 

0 Sol1 temperature data: dir temoerature t!me ser?es, slope dnC 
lntercegt of land temoerature to a?r temoera:ure ecudt'cn. 

0 Olssolved gas In land utter: gr3unC e:evd:lOn, ‘n:erc’zr dnc 
grouncbater !I0 and C32 c3ncentratlons. 

0 Ouallty cons:l:2ents dss0cld:eC d’t9 self’mei:. l ds,-?; t I __ .! ;c*>“‘. 
factar, scour 3otency factor. 

0 Ouallty cons :Itlren:s c3ncentrd::ons :n In?epf’ob dnc ;‘>urC’rd:ec 

0 Agr?c>emt:a: 3ud;::y const::aen:s: sa:ute ;eacb'-< ;dCtJ'S, SC" 
layer CeptYs ; so!1 densltles. dnc pertlc::e d3C iut-'er;: 53*3:‘3r: 

pdrdmeters, solublllty factors, degracdtlcn rdtes 

0 :mDerv'zus ! dnC qua 1: ty factor:: , surfdce ranof F -PThJvd : -a:?:, 
SO”CS w, ra5?-C t :2ecf!clen:, . of ‘d’C $21‘: s 3:dceaeqt dnc *2ncrd‘ 

on surface, dnC 0verldnC f:ou Some pollutant dcc2mu:d:‘or dnc 
storage rates. 

o Redc.7 dnC reservoir bdter qual!:y c~drdc:ectst'cs. C3ecc't'e~t:. 
and rdtes. 

OUCPUC Descr:pc?on 

HSPF outgut consists of multlple printouts lncluC!nq sys:em state 
varjables. pollutant concentrations at d 3o!n: versus tlme, and yearly 
sumMr1es rlescrlblng gollutant Curatlon and flux. Yhe mode ' d‘s0 
Includes d frequency analyses which 3ravlCes d stdtls::cd~ rl;fma*y of 
tlme-vary!ng c3ntamlndnt concentrat:ons dnC provides the I'nK 5etaeen 
Slmuldted InStream toxlcant concentrations dnC rlsk assessment. 
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Adb’&ntdc7eS and i:.n? CdC:Ons 

HSPf 1s designed for year-around srmulatlon of river bas:n hydrology, 
pollutant runoff or Clscharge, and recelvlnq uater aual:ty. Its modular 
structure dil0uS It to be readily used In more restrlctlve bays, uslnq 
streamflou and effluent tlme series inputs. blth0ut the comollcatlcns of 
awlylng tne talnfall runoff slmulatlon module. HSPf provides d 
frequency C!strlbutlon sumMry cf tne output. thereby 0rovlClng d 
year-around 3ersDectlve. 

The sediment-contaminant klnetlcs rout:nes Yave t3e sdme genera: 
chdrdcterlstl cs ds other complex water aual:ty models; hobever, 1 lke 
EXAM lt hds the added CdDabll lty of slmuldtlng the 3roCuct'3n dnc 
1nterac::ons of contaminant Cauqnter products. 

HS?f contains a code to calculate the frequency of occur-ence ant 
Curat: on 3f contamlndnt concentrat!ons ln tne recelvlng raters. 

Secause of !ts 1-C!menslonal doprodcn to pollutant Slmuid:‘ol 
does not cllscern strdtlflcatlon In tne uater column and 3eC sed‘mer! l 

. 

TYe mode; s s csde hds been o0tlmlzeC for both mlnl. dnd md 
cdmputers. 3n mlnlc0mouters. usage of Clrect dccess flies :s mar 

, L(SPF 
S 

nf-ame 
ml:eC 

On ma:nframes. marlmum use 1s made of fast memory and Clpect access :/C 
1s mln:ml:ec. Versions of HSPF are dvdlldble for botn types of sys:pms 

3ata requirements to Implement HSPf dre potentially extens! ve 
(depending on :fie appllcatlon modules 'Invoked) and may. therefare. result 
In high data productton costs and SlgnlflCdnt manpouer requ!rements. 

node1 Appl!cac!ons 

HSPF nas Seen dOfIlled on numerous occasions unere dn evdludt!on of 
best management practices (8HP) for controlling non-point source 
pollutlon from surface land runoff was needed. In this context, the 
model uas apolled to the Occoquan Rlver Basin In Vlrglnla to project 
long-term recelvlng uater quallty Impacts from exlstlnq and future land 
use patterns; the Cllnton Rlver 8asln In nlcnlgan to evaluate a proposed 
floodway, estimate the impact of developlng wetlands, and Investlgate 
various lake operating procedures; and varlous EPA studies to evaluate 
Its appllcatlon and use as a plannlng tool In determlnlng agricultural 
MPS. 



Resource Rewlrrmencs 

HSPF requtres a FORTRAN compller that rupoorts cllrect access :/!I 
Twelve external files are reaulred. Yhe system reau:res 129K 3ytes of 
lnsttuctlon and data storage on virtual memory macnlnes. or about 253~ 

bytes rlth extenslve overlaylnq on overlay-type machines. The system has 
developed on a Heulett- Packard 3000 mlnlcomouter and hds been lrsec 3n :3n 
370 ser!es comouterf. it has been lnstal lea on t>e followlnq systems: 
IBM. OEC VAX and System 1 O/20. Prlme 350 and above, 3a:a Genera : UvdCOO, 
C3C Cyber, HP3000 and HPlOOO, 3urroughs an6 Harr's. Ins:al:dt‘cn ?o:es 
are avallable for speclf!c macnlnes. 

Yser .sIL=DOt- - Act: vi ties 

4S?C '5 Yn the gubl:c iomaln and cdn 3e 0Ota:nec from :?e Center For 
ddter Cuallty %dellnq, EnvIronmental Research La5ora:ory, IrSEDA. Cz:‘eqe 
Sta:!sn ?Odd, atyens, ‘;eorgld 3Cb13 (telegnone 424 546-3533) 

User assistance can be obtdlnea by contdct’ng: 

Thomas 2. Samuel: 
U.S. Env:rcnmen:al 2*otec:!on Agency 
ETVY rsnrneqta; qesearcfl Ldbora:zry 
College Station Road 
A:5ens, feorgld 30613 
FTS 250-3175 CO!! 404-546-3175 

Jonanson RC, Imnoff GC, Oav 
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